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Introduction 
 
Serial 3-dimensional superimposition on the mandibles of growing individuals remains a challenge.1 
Certainly much work is needed if the evidence-based method, the 2-dimensional ‘structural method’ 
developed by Björk,2 is to be superseded.  
 
Over the past three decades, increasing usage of 3-dimensional modalities such as cone-beam 
computed tomography (CBCT) have proven significantly useful in different areas of orthodontic 
diagnosis, treatment planning and post-treatment evaluation. With regards to serial superimposition 
in general, significant progress has been made with cranial base superimposition methods. Despite 
this, a call to validate these methods with a gold standard is recommended.3 A similar call has been 
made with regard to 3-dimensional mandibular superimposition.4 
 
The increasing application of 3-dimensional imaging techniques, as with CBCT, have been catalysed 
by the introduction of numerous software packages, commercial or freely available, that can 
manipulate 3-dimensional data volumes. Despite significant learning curves required in some of these 
packages, the power and application of these are considerable. However, the opportunities for error 
are still as relevant to 3-dimensional cephalometrics and superimpositions as their 2-dimensional 
counterparts. Furthermore, the clinical usefulness in terms of practicality has been questioned.5 
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Background 
 
The use of serial superimposition in conventional cephalometrics is the universally accepted method 
for demonstrating growth and assessing treatment outcomes in the craniofacial complex.6 The 
orthodontist has at their disposal a number 2-dimensional techniques to assess growth, 
notwithstanding superimposition techniques. Difficulties arise due to the inherent, well-documented 
flaws in cephalograms and cephalometric techniques.7-9 These relate to patient positioning, head 
orientation, geometric distortions, unequal magnifications on a single radiograph and association 
error whereby difficulty arises in identification of identical points seen from different projections.10  
 
In an effort to overcome some of the cephalometric limitations and gain a comprehensive 
understanding of growth in the craniofacial complex, implant markers placed in patients were used. 
These allowed the identification of stable structures over time and an understanding of growth 
patterns.11, 12 
 
Björk’s seminal implant growth studies are considered the gold standard for evaluating craniofacial 
growth on serial cephalometric evaluations. Some of these studies culminated in the development of 
the so-called structural method.12 However, it was not only implant based studies that helped derive 
natural reference structures in the craniofacial region, but also histological studies.13 Thus, evidence-
based approaches to serial superimpositions were demonstrated and remain unparalleled in 
achievement for the assessment of craniofacial growth.6 Despite these successes, the manner in which 
the implants were used in human subjects are today considered unethical for clinical or research 
purposes. Although the use of implants is considered the gold standard for serial superimposition, the 
structural method is the next suitable replacement. Importantly, the structural method is not of itself 
the gold standard method.6 
 
Despite the successes of the implant studies, the implants themselves were not without problems. 
Episodes of migration or dislodgement have been reported in the literature. In a sample of 46 patients 
covering an observation period of four and half years, 50% of implants in the posterior mandibular 
changed location, varying as much as 4mm. In addition to location, surgical technique was also 
considered a strong factor responsible for migration, as was relative positional changes of the implants 
in the cephalostats for inducing “migration” as part of head position.14 In another study, although 
animal based, the failure rate was 3.5%. Age has also been implicated in the stability of these 
implants, with the suggestion that for patients older than 3 years of age, stability increases. This was 
likely attributed to a higher degree of accuracy of placement needed in a smaller child and were not 
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without risks of damage to dental structures.15 Another possible reason for implant migration has 
been reported as a possible consequence of dental eruption.16 In light of these reported failures, it is 
perhaps surprising more comprehensive information on implant failure wasn’t reported by Björk and 
his colleagues. It would seem, from the findings of a few of the studies reporting on implant failures, 
that some level of caution is no doubt warranted, despite their use as a gold standard. Furthermore, 
added caution is necessary for use of the structural method. 
 
The structural method utilises cranial base (Figure 1), maxillary (Figure 2) and mandibular (Figure 
3) superimposition techniques for serial radiographs.2, 12, 17 It is a requirement of the American Board 
of Orthodontics (AAO)18 to complete the above three superimpositions as part of board certification 
as they are considered reliable and valid.19-21 Detailed descriptions of this method can be located on 
the AAO site and Angle Society site.18, 22 
 
 
Figure 1. Cranial base superimposition, adapted from Björk & Skieller (1983).12 A. The logical sequence of growth 
described by Björk & Skieller, showing growth changes based on cranial based superimposition. B. The landmarks used 
in lateral profile include (1) the inner contour of the anterior wall of sella turcica, (2) Walker point – intersection of the 
anterior wall of sella turcica and the lower contour of the anterior clinoid process, (3) anterior contours of the middle 
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cranial fossae, (4) contour of the cribiform plate, (5) contours of the bilateral fronto-ethmoidal crests and (6) the cerebral 
surfaces of the orbital roofs. C. By superimpositing on the anterior wall of sella turcica and ensuring the coincidence of 
Walker Point, posterior relocation of the the posterior wall of sella turcica may be appreciated. 
 
Figure 2. Maxillary superimposition, adapted from Bjork & Skieller (1983),12 Duterloo & Planchè (2011)6 and Doppel 
et al (1994).20 The antero-posterior orientation is guided by the anterior contour of the zygomatic process, with vertical 
movement of time-point 2 tracing shared between two offsets: (1) vertical offset approximately 3/5 ths, and (2) inferior 
offset approximately 2/5ths. These offsets represent the raising of the orbital floor by bony deposition, and lowering of the 
nasal floor by resorption. 
 
 
Figure 3. Mandibular superimposition structures, adapted from Björk & Skieller (1983).2,12 The natural reference 
structures used to perform mandibular superimposition include (1) the contour of the mandibular canal, (2) lower contour 
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of a mineralized molar germ prior to root development, (3) any distinct trabeculated structures, (4) inner contour of the 
cortical plate at the lower border of the symphysis, and (5) the anterior contour of the chin. 
 
 
In recent decades, many of the limitations associated with conventional cephalometrics have been 
overcome by the use of 3-dimensional imaging. For example, magnetic resonance imaging (MRI) has 
proven useful in the assessment of orthopaedic treatment effects on the mandible.23 MRI permits the 
application of high contrast ratio delineation of tissues. Despite its cost, the diagnostic yield of this 
ionization radiation free application is promising.24 Another radiographic modality is multislice 
computed tomography (MSCT). The radiation exposure is high with this application, but the hard 
structure volume acquisitions are data rich. This modality has been used extensively in 
multidisciplinary treatment planning, such as orthognathic surgery for severe craniofacial 
malformations, asymmetries or severe malocclusions, and for craniofacial pathology or 
temporomandibular disorders.25 In recent decades a variation of CT, cone-beam computed 
tomography (CBCT), has been increasingly utilised in orthodontics. Similar to CT, CBCT has 
permitted treatment planning in the previous mentioned areas, but at a much lower radiation dose. 
This has made it an attractive modality for 3-dimensional cephalometrics. For example, 3-
dimensional landmark identification and error can be reduced in comparison to 2-dimensional 
cephalometric landmarking.26, 27  
 
The assessment of growth with 3-dimensional modalities has by default led to opportunities to 
superimpose serial image acquisitions. Innovative studies28-31 of registration of 3-dimensional data 
and assessment of patients with Apert syndrome32, 33 have opened a new chapter in 3-dimensional 
cephalometric superimposition. The methods available for 3-dimensional superimposition, termed 
‘registration’, include voxel-based, landmark or point-based, surface-based and frame-based 
methods. Table 1 compares and contrasts these methods. 
 
 
Table 1. Comparison of registration methods used in 3-dimensional superimposition techniques. 
Method  Algorithm(s) 
 
Advantages  Disadvantages 
Landmark-based or 
“best fit” method, also 
known as ‘point-based’ 
 Can utilise “stacking” with 
multiple points with a 
weighted average as a 
single landmark, or single 
points/landmarks for an 
average interpolation 
position 
 
More flexible for 
research based 
studies, can be 
customized 
 
Registration is 
controlled by specific 
 Requires expert input 
 
High susceptibility to human error 
 
Complexity increases with 
increased number of points 
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points only, therefore 
overcomes 
interferences 
 
Can be customised by 
error-reducing 
processes34  
Surface-based  Iterative closest point 
(ICP),35 matches point 
clouds distance 
relationships and 
translates and rotates 
based on predefined 
parameters to complete a 
registration.  
 
Valuable for 
assessment of pre- 
and post-treatment 
outcomes of short 
duration e.g. surgery36 
 
Useful for statistical 
analysis of surface 
models 
 
There are variants of 
ICP algorithms, each 
with their strengths 
and weaknesses 
 
Guaranteed to 
converge with a good 
initial guess34 
 Relies heavily on the initial 
selected value determined by the 
algorithm, which can lead to 
incorrect registration 
convergence. Clinically, this 
means that anatomical 
identification is of paramount 
importance to ensure correct 
points are used by the algorithm. 
 
Requires good starting pose 
 
Requires segmentation which can 
effect accuracy of registration 
 
Steep learning curve to use 
software comprehensively 
 
Time consuming 
 
  
Voxel-based, semi-
automation 
 Greyscale intensity 
assessed by 
Mutual information 
theory, or relative 
entropy, to match images 
based on statistical 
criteria30 
 
 Rapid1, 37 
 
Easier to learn and 
implement5 
 
No landmark selection 
required 
 
Reduced human 
interaction, although 
initial alignment still 
needed 
 
Greater potential for 
limiting operator error 
or observer errros34 
 
Currently provides 
acceptable level of 
reliability for cranial 
base superimposition3 
 
Negates requirement 
for segmentation37 
 
Easier assessment of 
internal structures37 
 
 
 Initial alignment can effect 
registration process34 therefore 
element of human error still a 
factor 
 
Voxel size can be affected by 
motion artefact38 
 
Voxel size may impact on 
accuracy of bone tissue based 
registration, e.g. trabecular 
structures39 
 
Non-related neighbouring voxels 
can interfere with the registration 
process 
 
Frame-based (manual 
registration) 
 N/a, as this is a manual 
process implementing 
multiplanar (axial, coronal 
and sagittal) views; 
technically not a 
“registration” process 
 User friendly 
 
Strictly human driven 
 
Easier assessment of 
internal structures 
 
 Requires expert input 
 
High susceptibility to human error 
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Can be supplemented 
with enhanced 
viewing modes 
(Volume Rendering, 
Multi Planed Reformat 
and Min or Max 
Intensity Projection) 
 
Provide more precise 
identification of 
traditional 
cephalometric 
landmarks26 
 
 
A review by Park et al.5 on 3-dimensional superimposition has brought to light the need to address 
precision of methods. The author attributes this to limitations with technical reliability of landmark 
placement and software-related errors. Of further concern is that these methods may be time 
consuming and ultimately impractical to the clinical setting.  
 
It may be further added that the role of stable structures, as identified and used by the structural 
method, may necessarily add to the validation of 3-dimensional methods of superimposition. In the 
highly regarded text by Duterloo & Planchè,6 the context of validity of superimposition in 
conventional cephalometrics is addressed. They state, “Validity requires that the reference truly 
represent an anatomical entity and that its use as a reference be based on evidence obtained through 
scientific research.”  
 
This literature review aims to provide an update of studies implementing 3-dimensional 
superimposition methods on growing patients, and their reliability, validity and practicality in a 
clinical setting.  
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Search technique 
 
It was decided that a full Systematic Review (SR) was not appropriate for this review given the time 
constraints of the research. However, the use of some aspects of a systematic review approach for the 
selection of suitable papers was deemed useful. This is therefore a narrative review utilising SR for 
selection of appropriate papers. 
 
A preliminary literature search using key words relevant to the topic was undertaken to determine 
cut-off dates for database searching. Additionally, this contributed towards identifying eligibility 
criteria and improving search strategies. An abbreviated systematic approach to identifying key and 
relevant studies in the literature, as well as assessing their risk of bias, was undertaken. 
 
Eligibility criteria 
 
The selection criteria applied in this review included the following: 
(1) Study design: clinical trials, case-control and cohort studies that investigated the reliability, 
reproducibility, repeatability or validity of 3-dimensional mandibular superimposition 
methods 
(2) Primary objectives to assess 3-dimensional imaging of changes of the mandible with postnatal 
growth (with or without treatment) 
(3) A time interval between 3-dimensional data acquisitions of no less than 12 months 
 
The following exclusion criteria were applied: 
(1) Review articles, editorial letters, conference or meeting abstracts, book chapters and expert 
opinions 
(2) Orthognathic surgery treatment planning or evaluation 
 
Titles and abstracts from PubMed, Web of Science, Medline (via EBSCOhost), Embase, Scopus 
and Lilacs were collected according to a common search strategy modified to each database. The 
general search strategy included the following: (1) growth  OR  cephalometry  OR  cephalometric  
OR  "longitudinal study"  OR  "longitudinal studies"  OR  maxillofacial  OR  craniofacial  OR  
mandible  OR  mandibular  OR  skull, AND (2) björk  OR  superimposition  OR  "mandibular 
superimposition"  OR  "regional superimposition"  OR  "regional registration"  OR  "serial 
superimposition"  OR  superimpose  OR  "automated registration"  OR  "automated 
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superimposition"  OR  "structural superimposition", AND (3) "cone-beam computed tomography"  
OR  cbct  OR  cbvt  OR  "three-dimensional"  OR  "3-dimensional"  OR  3d. 
 
A total of 1584 records were collected in the form of abstracts. Following removal of duplicates and 
screening articles, a final collection of 11 articles were attained. Four of these were excluded due to 
non-related measurement methods, lack of error analysis or presenting as a review article. The final 
7 studies are shown in Table 2 and discussed in the review section. 
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Table 2. Summary of characteristics of included studies. 
  Study Design Sample size Mean age T1 (SD yrs), 
T2 (SD yrs) or (range) 
Mean T1-T2 
time interval 
(SD months) 
Radiographic 
modalities 
1 Nguyen et al. (2018)43 Longitudinal (pre- and 
post-
orthodontic/orthopaedic 
treatment) 
To assess implants: (a.) 
20 Class III bone anchor 
patients; (b.) to assess a 
new 3-dimensional 
method, 25 patients 
used 
(a.) 12.1 (1.3), 13.3 
(1.1); (b.) 12.7 (1.4) 
12.2 (NR); (b.) 
12.6 (0.9) 
CBCT 
2 Koerich et al. (2017)1 Longitudinal (pre- and 
post-rapid maxillary 
expansion) 
24 10.8 (1.7), NR 16.0 (2.9) CBCT 
3 Sarit (2017)44 Longitudinal (pre-
orthodontic and post-
orthodontic treatment) 
19 12.1 (1.1), 14.8 (1.2) 31.5 (7.6) CBCT 
4 Ruellas et al. (2016)45 Longitudinal 16 NR. Range at T1 = 9-13 
yrs 
24.3 (6.7)† CBCT 
5 Mellion (2013)4 Longitudinal (pre-
orthodontic and post-
orthodontic treatment) 
30 (pilot study) and 30 
(validation study) 
11.8 (1.4) (range: 9-
14), 14.5 (1.3) (range: 
12-17) 
32.4 (11.6) 
(range: 19.2-66) 
CBCT 
6 Viechnicki (2011)46 Longitudinal (pre-
orthodontic and post-
orthodontic treatment) 
9 11.5 (1.9), 13.4 (1.7) 23.3 (6.8) CBCT 
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7 Krarup et al. (2005)47 Longitudinal 10 patients with Apert 
syndrome 
Range 1 week to 14.5 
yrs 
3 to 7 scans per 
patient from 1 
week old to 
14.5 years old 
(174 months) 
CT 
          
  
NR = Not reported    
T1 = timepoint 1 where first radiographic image(s) acquired; T2 = timepoint 2 where second radiographic image(s) acquired   
FOV = Field of View      
BMS = Bjork's structural method, based on the mandible         
CBCT = cone-beam computed tomography; MRI = magnetic resonance imaging      
†Obtained from author           
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Table 2. Continued. 
Imaging 
system 
Scan settings Software used Superimposition method Time to 
complete 
superimpositio
n 
Use of implants 
i-CAT 3D 
Imagin System, 
New Tom 3G 
0.3 x 0.3 x 0.3 
mm, 5mA, 120 
kVp, 20-25s 
ITK-SNAP v3.6, 
Slicer CMF v3.1 
Voxel-based registration on 
anterior symphysis bone 
plates (screws placed similar 
to Bjork's sites: between 
apices of lateral incisors and 
canines) to identify stable 
structures. A secondary aim 
used these sites for voxel-
based registration and 
assessed reproducibility. 
NR Adaptation of a 
gold standard 
method similar 
to Björk's 
implant method. 
Here, bone 
plates and 
screws were 
used as 
superimposition 
structures.  
i-CAT 3D 
Imaging System 
0.3 x 0.3 x 0.3 
mm, 8mA, 
120kVp, 40s 
OnDemand3D 
v1.0.10.5261; 
VAM 
Voxel-based from the middle 
of the symphysis, posteriorly 
to the distal aspect of the first 
molars at the level of basal 
bone, laterally limited by 
external cortical bone. All 
volumes were cropped to 
view the mandible portion.  
5 minutes Not used 
CB MercuRay 0.377 x 0.377 x 
0.377 mm, 2mA, 
120kVp, 10s 
AmiraXImage Initial alignment in areas 
restricted to the lingual cortex 
of the symphysis, superior 
area of the interior alveolar 
canal and the mental 
foramina. Voxel-based 
registration of whole 
mandible.  
Superimposition 
time not 
reported. 
Segmentation 
took 7 hours per 
mandible. 
Not used 
NR 0.4 x 0.4 x 0.4 
mm 
ITK-SNAP, 
Slicer v4.4 
Initial alignment in Slicer 
based on mandibular outlines. 
Voxel-based registration with 
three different approaches: 
(1) Mask 1 - Bjork, (2) Mask 
2 - Modified Bjork and (3) 
Mask 3 - Mandibular body 
NR Not used 
i-CAT 3D 
Imaging System 
0.3 x 0.3 x 0.3 
mm, 120 kVp, 
4.8s 
Invivo v5.2.4 A common orientation of 
both 2- and 3-dimensional 
images performed. Point-
based superimposition based 
on "stacking" of multiple 
points to obtain a designated 
registrant. Superimposed on 
Mental Trigone, Mental 
foramen, Genial tubercle and 
Lingula. 
NR Not used 
CB MercuRay 0.292 or 0.377 
mm, 10mA, 
120kVp, 10s 
Amira v5.2.3 Amira AffineRegistration 
used to register segmented 
models with a voxel-based 
method. Areas confined  to 
the region anterior to the 
second molar and inferior to 
the root apices. 
NR NR 
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(a) Siemens 
DR2 CT 
scanner, (b) 
Somatom Plus 4 
scanner 
Slice thickness 
2.0mm for (a.) 
and (b.) scanners 
Silicon Graphics 
Onyx2 computer 
and software, 
conversion of 
ACR NEMA-
files and 
DICOM-files to 
Analyze format. 
Mvox used for 
segmentation 
and threshold 
selection. 
Stable reference (symphysis 
menti and the mandibular 
canals) structures suggested 
by Bjork & Skieller 1983 by 
way of point-based 
registration (22 landmarks). 
Sequential landmarks placed 
in the mandibular canal in 
each CT slice. Spline curves 
for the canal and symphysis 
menti were plotted on charts 
to undertaken "superimposed 
plots". 
NR NR 
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Table 2. Continued. 
Comparison against a gold standard 
method or Björk's structural method. 
Confirmation of stable structures  
Not used Areas included: (a.) anterior surface of the symphysis between B-
point and Pogonion, and laterally between the right and left 
lateral incisors, (b.) internal symphyseal cortical bone at the 
meso-distal limits of the inner surface and from its inferior border 
to the level of the centre of both mental foramina, and (c.) 
inferior contours of the third molar germs. These areas were 
determined stable and used in a new registration method. 
Not used A preliminary assessment of registration structures indicated that 
the symphysis in isolation, and different selection areas 
pertaining to the symphysis, produced poor registrations. In the 
final study, the changes in the chin area were small. 
Not used Confirmed topographic areas as stable on the surface if T1-T2 
changes were 0 mm. Corroborates Enlow's histological findings 
and implant-based studies. 
The "gold-standard" method referred to in this 
study does not relate to implants, but rather, 
landmark measurement differences relating to 
growth/treatment independent of registrations. 
Confirmed implant derived stable structures including the 
mandibular canal in lateral view is stable, when using Mask 3. 
Structural method. "Super Ceph" function in 
Invivo used to generate orthogonal projection 
lateral cephalograms. These were printed on 
photographic paper with high resolution. A 
magnification of 0% was confirmed. Full, 
right-side and left-side images were printed. 
Tracings were performed on full images on to 
tracing acetate (0.003") using 2H lead. Each of 
30 tracings were repeated 3x times. 
Pilot study on 30 patients, comparing against the structural 
method, showed the 3-dimensional registration method 
"mimicked" the 2-dimensional patterns. 
Not used Local surface changes were visualized in cross-sectional slices. 
Blue areas represented bone resorption, white areas represented 
less than 1mm of change, red areas represented deposition. 
Mental foramina areas were stable. Corroborates Enlow's 
histological findings. 
Structural method. Symphysis menti and the mandibular canals as seen in profile 
view. 
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Table 2. Continued. 
Output method of assessment Statistical analysis Outcomes 
Absolute mean surface error 
between registered structures 
Slicer Mesh Statistics modules 
(descriptive statistics); 
interobserver reliability. 
ICC: 0.998 (CI 95%: 0.995, 1.000) Chin area - 
absolute mean error: 0.37mm (0.16mm SD) 
indicating stability. Symphysis area - absolute mean 
error: 0.4mm (0.15mm SD) indicating stability. Chin 
and symphysis combined - absolute mean error: 
0.12mm (0.11mm SD). Third molar region - mean 
absolute error: 1.94mm (0.15mm SD) indicating 
instability.  
Iterative closest point technique to 
measure differences between T1 
and T2 surfaces with root mean 
square of changes. Areas 
included: chin, left mandible and 
right mandible 
VAM software measurements, 
distance between T1 and T2 
surfaces on 10 cases for 
intraobserver reliability;                  
Difference between all T2 
superimposed models assessed for 
each examiner for precision and 
reproducibility of method;                   
Descriptive statistics reported 
ICC on 10 cases for all areas: 0.97 (CI 95%: 0.81-
1.00);                 Precision: Chin mean 0.33mm (0.18 
mm SD), Right mandible 0.23mm (0.18mm SD) and 
left mandible 0.25mm (0.18 mm SD);              
Reproducibility: 20 out 24 cases had ≤ 3.0mm error. 
Two cases had errors up to 1.3mm in the ramus area. 
Topographical changes of model 
surfaces between registered 
structures. 
AmiraXImage software 
measurements: mean absolute 
distance, maximum distance, 
median distance, and percentage 
of area that deviates more than 
0.50 mm, 1.0 mm, 1.5mm and 
2.0mm.  
Surface generation ICC intrarater 0.82 (95% CI: 
NR) and interater 0.90 (95% CI: NR)              
Superimpositions ICC intrarater 0.94 (95% CI: NR) 
and interater 0.93 (95% CI: NR)                                
Topographical changes revealed significant 
remodeling in areas of the condyles, coronoid 
process, sigmoid notch, gonial angle and the chin. 
8 landmarks used to assess 
distance differences (3D 
Euclidean distances) between T1 
and T2 segmented and registered 
mandibles according to Mask 1, 2 
or 3. 
ICC and Bland-Altman tests  Mask 1 failed in 14 cases and not used in statistical 
analysis, Mask 2 failed in 2 cases, and Mask 3 had 
no failed registrations. Intraclass correlation 
coefficient of registrations versus "gold-standard" 
difference measurements: Mask 2 mean ICC 0.78 
(95% CI: 0.34, 0.92); Mask 3 mean ICC 0.94 (95% 
CI: 0.72, 0.99).   Measurements of concordance 
between measurement differences between Mask 
registration methods and the "gold standard" method 
showed greatest concordance with Mask 3.  
Modified 'Pitchfork Analysis" was 
used to assess skeletal changes 
and tooth movements.  
Paired t-tests to assess  null 
hypothesis that conventional 
cephalometric and 3-dimensional 
CBCT superimposition methods 
do not differ significantly from 
each other. Correlation analyses 
used to assess relationship 
between the superimposition 
methods. 
A valid preliminary protocol for 3-D 
superimposition demonstrated. 
Topographical changes of model 
surfaces between registered 
structures. 
Amira module 
SurfaceDistance with nine 
measurements: mean absolute 
surface distance, SD, root mean 
squared distance, maximum 
distance (Hausdorff distance), 
median distance, and percentage 
of area that varies more than 0.50 
mm, 1.0 mm, 1.5mm, and 2.0mm. 
Colour map showed magnitudes of 
-1mm to blue, 0 mm to white, and 
+1mm to red. 
Marked reversal line on anterior symphysis at the 
level of the apices and between the canines in 3 
patients. In one patient, there were no changes on 
the anterior surface below level of the incisors. In 2 
patients, there was resorption on the lingual of the 
symphysis. Mandibular superimposition: high intra-
rater reliability and moderate 
inter-rater reliability. Mean surface distance showed 
sub-voxel accuracy within raters (0.2 mm), but not 
between them (0.5 mm). Intra-rater and inter-rater 
errors were greatest posteriorly.  
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Iterative Closest Point Algorithm 
and Least squares estimation of 
best fit for T1 and T2 models. 
Spline curves interpolated 
between mandibular canal 
landmarks and inner cortical 
surface of the symphysis menti. 
Dahlberg's formula for landmark 
error and distance between curves. 
Difference between duplicates 
determined by Iterative Closest 
Point Algorithm. 
The symphysis menti had increased antero-posterior 
width. In lateral view, the curvature of the 
mandibular canals remained approximately stable, 
and the canals increased in length posteriorly. In 
frontal view the mandibular canals showed a lateral 
relocation. The position of tooth buds remained 
approximately stable until root development 
initiated. 
      
 
 
 
 
 
Risk of bias in individual studies 
 
A non-validated, modified quality assessment instrument for clinical trials was used to evaluate bias 
and methodology (Table 3).40-42 The elements of “randomization” and “timing” were discarded, and 
a criterion to assess “validity” of a method was added. Where a score of 50% or below was achieved 
for a study, an assessment of ‘poor quality’ or ‘low quality’ was adjudicated. If a score fell within 50-
75%, an assessment of ‘moderate’ or ‘good quality’ was attributed to the study. Lastly, where a value 
exceeded 75%, ‘high’ or ‘excellent’ quality was assigned. The assessment of validity was guided by 
the previously mentioned statement by Duterloo & Planchè.6 In other words, was the superimposition 
method validated against the evidence-based method, the structural method? 
 
Table 3. Methodologic scores for included studies (adapted from 
Lagravère et al., 200540and Afrand et al., 201442) 
Study design (6 ✓)           
  A. Objective - clearly identified (✓)       
  B. Population - adequately described (✓)       
  C. Sample size - considered adequate (✓)       
  D. Selection criteria - clearly described (✓), adequate (✓)   
  E. Follow-up length-clearly described (✓)       
Study measurements (6 ✓)         
  F. Measurement method - mentioned (✓), appropriate (✓) 
  G. Reliability - described (✓)       
  H. Validity - described (✓)         
  I. Blind measurement: blinding (examiner ✓, statistician ✓) 
Statistical analysis (3 ✓)         
  J. Statistical analysis - appropriate (✓)       
  
K 
Presentation of data - exact P value stated (✓), variability 
measures (SD or CI) stated (✓) 
                
Maximum number of ✓ = 15.         
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Risk of bias within studies 
 
The methodological scoring of risk of bias is shown in Table 4. The overall quality of studies appeared 
moderate, indicating an overall moderate risk of bias. The bias ranged from weak to high. Common 
weaknesses included failure to perform or report blind measurements, and failure to justify or 
calculate sample size. Three studies did not adequately describe the population sample. Regarding 
selection criteria, two studies clearly described the criteria that were adequate and appropriate for the 
nature of the study. When evaluating reliability three studies scored poor methodologic quality. 
Statistical analysis was lacking or poor in two studies. Assessment of validity of a 3-dimensional 
method was undertaken in one study. 
 
 
Table 4. Methodological scoring of selected studies (adapted from Lagravère et al., 200540 and Afrand et 
al., 201442) 
Article† / Thesis‡ 
Study design Study measurements Statistics Total % of Total 
A B C D E F G H I J K     
              
†Nguyen et al. (2018) ✓ ≠ ✓ ✓x ✓ ✓✓ ✓ x xx ✓ ✓✓ 10.5 70 
†Koerich et al. (2017) ✓ ≠ x xx ✓ ✓✓ ✓ x xx ✓ ✓✓ 8.5 57 
‡Sarit (2017) ✓ ✓ x xx ✓ ✓✓ ≠ x xx ≠ ≠≠ 7.0 47 
†Ruellas et al. (2016) ✓ ≠ x ✓✓ ≠ ✓✓ x x xx ≠  ✓✓ 8.0 53 
‡Mellion (2013) ✓ ✓ ≠ ✓≠ ✓ ✓✓ ✓ ✓ xx ✓ ✓✓ 12.0 80 
‡Viechnicki (2011) ✓ ✓ x xx ✓ ✓✓ ≠ x xx ≠ ≠≠ 6.5 43 
†Krarup et al. (2005) ✓ ✓ x ✓✓ ✓ ✓✓ ✓ x xx ✓ ≠✓ 10.5 70 
                            
A - J: Methodologic scores according to criteria in Table 2 
✓ = Fulfilled satisfactorily the criteria (1 check point) 
≠  = Fulfilled partially the criteria (0.5 check point) 
x  = Did not fulfill criteria (0 check point) 
% of Total ≤ 50% = poor or lower quality 
% of Total between 50% and 75% = moderate or good quality 
% of Total ≥75% = high or excellent quality 
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Review of the literature 
 
Methods of superimposition  
 
The methods of registration of 3-dimensional data in the studies were either voxel-based, using 
mutual information theory,30 or point-based using Iterative Closest Point algorithm. Voxel-based 
registration was undertaken on implants in one study,43 and others were completed on variations of 
anatomical structures.1, 44-46 These structures were varied from those susceptible to remodeling, to 
those considered stable. Point-based methods were utilised by two studies,4, 47 and these were placed 
on stable structures according to Björk2 and Enlow.13  
 
When reviewing validation of methods in these studies, only one performed comparison against the 
structural method.4 
 
Various software packages were used, either commercial or open-source. 3-D Software packages 
permit viewing of 3-dimensional data in MPR windows or in different 3-dimensional modes, leading 
to an enhancement in visualization of anatomical structures. These are inherent advantages to the use 
of 3-D software, and permits the experienced application of craniofacial growth and anatomical 
science required to administer landmarks and interpretation of growth.27  
 
As an example, an initial alignment of CBCT T1 and T2 volumes on stable structures can be 
confirmed in all three dimensions prior to or following a registration process. This potentially makes 
the process more efficient prior to proceeding to segmentation and surface analysis methods, but it 
does not necessarily eliminate observer bias as is often claimed when, for example, voxel-based 
registration is used. Good starting pose of T1 against T2 is an inherent requirement to voxel-based 
registration.34 Mellion4 demonstrated this concept with their landmark-based method. Points were 
adjusted if necessary to promote a registration that conferred an acceptable qualitative result with 
both symmetry and growth patterns. The significance of this is that digital superimposition on 
growing mandibles can be augmented by operator input and therefore appears to be enhanced a 
dynamic process of input with anatomical expertise. 
 
Implant-based superimposition 
 
In an implant based study by Nguyen et al.,43 bone plates and screws were placed at stable sites on 
the anterior symphysis of 20 growing individuals, similar to sites used by Björk.11 This is the first 
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human study to use implants and 3-dimensional imaging for 3-dimensional serial superimposition. 
The registration on these implants helped to derive stable areas consistent with the works of implant 
based studies,2 and isolate these for a new method of registration. This new method incorporated areas 
from the chin, symphysis and the lower contour of the third molar crypts. This method was highly 
reproducible on a different sample of patients when excluding the crypts of the third molars. The 
crypts underwent displacement with growth, similar to results of a previous study.45 Unfortunately, 
this study did not compare the new method’s results against the original sample’s implant 
registrations or the new sample that had 5 patients with bone anchors.    
 
Validated studies against Bjork’s structural method 
 
Mellion4 validated a point-based 3-dimensional mandibular superimposition method against the 
evidence-based structural method. The structures they identified for landmark placement were 
derived from both implant- and histological-based studies. Their method performed well for time 
intervals both small and large and presents a valid means of assessing orthodontic treatment. It can 
be argued that this method in fact demonstrated a degree of immunity from external surface 
remodeling seen in different vertical facial patterns. Despite this promising research, an error analysis 
on landmarks was not undertaken. 
 
The use of landmarks increases opportunity for observer related error. Studies have shown that 3-
dimensional landmark identification is not only more reliable than conventional 2-dimensional 
landmark identification, but has error variance below a clinically significant threshold.26, 27 Mellion4  
applied landmarks using volumetric projection, and with both T1 and T2 models simultaneously for 
better cross-reference similarity of structures. Using multiplanar reformation (MPR) windows is more 
reliable than applying landmarks on 3-dimensional reconstructions, in general.48, 49 However, Da 
Neiva et al.50 have demonstrated that some landmarks are better positioned using a 3-dimensional 
reconstruction approach, likely due to curved surfaces. They also demonstrated intraobserver 
reliability to be greater than interobserver reliability which was consistent with an earlier study by de 
Oliveira et al..49 
 
Non-validated studies 
 
Krarup et al.,32 assessed a group of 10 patients with Apert syndrome. In these patients, mandibular 
growth is considered normal. With a range of 1 week to 14.5 years, this study had the largest T1-T2 
time intervals across evaluated studies in this review. Superimpositions were undertaken by 
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registration of landmarks in the inner cortical surface of the symphysis menti and the mandibular 
canals. Although no validation was undertaken against the structural method, the study demonstrated 
stability of the mandibular canals in the lateral view. In frontal view, the canals relocated laterally 
with time. The mean square error for skeletal landmarks on duplicate measurements were likely 
clinically significant at 0.589mm, ranging from 0.008 to 3.381mm. The mean square error of the 
mandibular canal points was similar at 0.589mm, but with a range that did not exceed 2.000mm. This 
reduced error range for the canal points was likely attributed to their method of placement.50 The 
canal points were placed in MPR windows sequentially while moving through the slices. The skeletal 
landmarks however, were placed directly on the 3-dimensional rendered model. 
 
The studies by Ruellas et al.45 and Koerich et al.1 demonstrate that the symphysis in isolation may 
produce superimpositions, via voxel-based registration, that are not reliable. In the former study, 
when a portion of the symphysis (cortical bone) was used in combination with third molar crypts and 
mandibular canals, registrations failed and their results excluded from the study. However, when 
using a larger region of reference, the validity against a “gold standard” increased. No implants were 
used in this study. The “gold standard” referred to in this study was the independent measurements 
performed on landmarks of T1 models. All landmark distance differences based on T2/T1 
superimpositions were compared against these independent measurements. The stability of the 
mandibular canal in lateral view was confirmed with the larger reference region of registration.  
 
The study by Koerich et al.1 and Ruellas et al.45 appear to be in opposition to the implant study43 
previously mentioned. These authors in the former study initially attempted voxel-based registrations 
using commercial software on variable parts of the symphysis without success. Similar to Ruellas and 
colleagues, a larger region of reference was used. The reliability of superimpositions were excellent. 
This method was implemented on a sample of paired CBCTs with a mean time interval of 16.0 months 
and proven to be a fast method to perform. 
 
Four studies in this review assessed post-superimposition results with surface-based, topographical 
analysis. This process follows a segmentation process, cropping out information not required for 
surface-based analysis. As demonstrated by studies in this review,43, 44, 46 areas of stability13 can be 
confirmed and used for craniofacial growth interpretation. One advantage that appeared pertinent to 
this was the finding that asymmetric superimposition errors were possible.44, 46  This was manifested 
by marked differences in the relative position of right versus left condyles. It was established in two 
studies43, 45 that the magnitude superimposition error increases further away from the site of 
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registration. Thus, surface based analysis may be of paramount importance following 
superimpositions regardless of registration method.  
 
The effect of segmentation may alter accuracy of surface-analysis. Here, there may be an 
underestimation of differences in growth changes between T1 and T2 volumes. However, this is 
controversial with regard to studies on dental measuremtns.51, 52 In relation to larger surfaces, earlier 
work by Koerich et al.53 has cautioned that where density values of bone change with respect to 
remodeling with growth may effect segmentation processes and the surface based analyses that 
follow.  
 
One study44 briefly assessed vertical facial patterns with respect to the analysis of surface changes. 
Although the sample size was inadequate, no significant differences were found in relation to the 
amount of mandibular surface change between hyper- and hypodivergent patients. Significant 
variation in surface remodeling was observed across all individuals. This study performed voxel-
based registration on the lingual cortex of the symphysis, superior aspect of the interior alveolar canal, 
and the mental foramina. Some important observations in this study, and similarly by Nguyen et al.43 
and Viechnicki,46 were reversal lines of areas demarcating a transition from apposition to deposition 
of bone. This appears to support histological findings by Enlow.13 
 
As previously stated, the use of MPR windows to view internal mandibular structures provides an 
enhanced view of internal structures. If surface analysis is not undertaken, it is possible to rely on 
internal structures in non-growing individuals when undertaking superimposition.53 However, none 
of the studies in this review reported confirmation of superimposition of overlaid stable internal 
structures with the use of these orthogonal volumetric projection views. 
 
 
Brief summary of the evidence 
 
The risk of bias evaluated in the collected studies for review may indicate that for large time intervals 
(>24 months), a point-based registration method may be the most reliable. This approach likely 
reflects the use of specific stable structures to guide the registration process. Furthermore, it can be 
supposed that larger time intervals between T1 and T2 volumes will have greater levels of remodeling 
that could interfere with the registration process in methods utilising anatomical regions of reference. 
Evaluation over shorter periods, for example the assessment at post-orthodontic treatment that falls 
  
  25 
below a 24 month interval, appears amenable to superimposition with either point-based or voxel-
based approaches. 
 
This review could not draw any definitive conclusions on length of time taken to perform 
superimpositions on the mandible for the purposes of longitudinal assessment. Rather than the 
superimposition protocol itself, other studies have reported on the significant time required to learn a 
software package, perform segmentations and integrate topographical statistics for finalised surface 
based models.5, 53 These constraints are not only for growing patients, as Sarit44 demonstrated, but 
extend to adult patients undergoing orthognathic surgical planning and post-surgery evaluation. One 
study1 in this review reported a mandibular superimposition protocol of 5 minutes. This is no doubt 
a practical solution for the clinical setting. However, with so little information regarding the time 
needed to produce superimpositions and post-registration assessments with surface models, the call 
for fast and efficient 3-dimensional superimpositions that are clinically practical are still valid.5 
 
Although the majority of studies assessed in this review appeared to have acceptable reliability for 
their respective methods of superimposition, the overall quality of evidence may be questioned. 
Potentially, the overall bias is moderate. Thus, any firm conclusions about the level of reliability for 
3-dimensional serial superimposition should likely be approached with caution. Some difficulties 
assessing reliability could be explained by small sample sizes, lack of adequate statistics44, 46 or 
landmark error analysis.45 Validation, in line with the statement previously mentioned by Duterloo &  
Planchè,6 is still significantly lacking. 
 
The results of this review may indicate the following: (1) there is noticeable agreement that the 
symphysis plays a significant role in superimposition reliability, and (2) the Bjork’s implant-derived 
method (structural method) and implant-derived stable, natural reference structures are likely relevant 
to 3-dimensional serial superimposition in growing patients. These points may guide future research.  
 
Koerich et al.1 cautioned that difficulties in serial 3-dimensional superimpositions of growing 
mandibles suggest that conventional cephalometrics are likely to be oversimplified. In light of this 
review, their caution may point towards new future methods that rely not purely on digital automation, 
but also a significant input by those performing the superimposition. This may be with point-based 
approaches, varying the starting pose of T2 over T1 alignments prior to voxel-based registration and 
manipulating the volumes by translation or rotation to confirm overlay of stable structures without 
software interpolation at the post-registration phase. In other words, the ideal superimposition may 
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potentially rely on as much operator input as digital input. It may be that 3-dimensional 
superimposition by itself is oversimplified.  
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Conclusions 
 
The following conclusions can be drawn from this review: 
(1) Studies using 3-dimensional superimposition on the mandibles of growing individuals are 
limited. 
(2) Segmentation protocols appear to be time consuming and not clinically practical. 
(3) Preliminary data suggest 3-dimensional superimposition based on land-mark registration, 
when compared against Björk’s structural method, may be valid when superimposing on 
certain anatomical landmarks that are stable. 
(4) The use of stable structures of the anterior symphysis may permit 3-dimensional 
superimpositions that is consistent with Björk’s structural method and Enlow’s histological 
studies; specifically, the anterior portion limited laterally by the canines, and vertically by 
the reversal line and chin appear potentially stable, as a general statement. 
(5) Overall, best available evidence potentially indicates that for 3-dimensional superimposition 
where a time interval between initial and subsequent radiographic images are approximately 
two years or less, either a voxel-based or point-based registration method may be employed.  
(6) Future studies are needed to confirm the reliability of superimposition using large regions of 
reference for registration when the time interval between radiographic acquisitions exceed 
24 months. 
(7) Following registration, surface-based assessment using segmented and converted models to 
surface meshes, may prove useful for error and growth analysis. 
(8) Fast, reliable and practical solutions for mandibular superimpositions are limited to time 
intervals between radiographic acquisitions below 24 months.  
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Gaps in the literature 
 
The results of this review identify a significant gap in the literature with regard to the use of serial 3-
dimensional superimposition on the mandibles of growing patients. In particular, 3-dimensional 
methods are likely limited in usage to time intervals between T1 and T2 volumes of less than 24 
months. This is despite promising research validating a land-mark registration method against Björk’s 
structural method demonstrating reliability and validity for T1-T2 times intervals up to 66 months.4 
In that study the method used may have proven immune from remodelling of external surfaces.  
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Aims of Research 
 
The following research questions were constructed: 
 
(1) What role does the anterior contour of the symphysis play in the serial 3-dimensional 
superimposition of mandibles in growing patients? Of particular interest, the anterior portion 
limited laterally by the canines, and vertically by the reversal line and chin, will be utilised 
for further investigation. 
(2) What is the threshold cut-off in time interval between T1-T2 volumes and applicability of 
various superimposition methods with respect to the level of remodelling on the external 
surface of the mandible with growth? 
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ABSTRACT 
 
Objectives: (1) compare two rapid voxel-based 3-dimensional registration methods against Björk’s 
structural method, (2) compare a 2-dimensional method – utilising the mental reversal line described 
by Enlow and overlay of the mandibular canal – against the structural method, (3) account for vertical 
facial types and (4) account for the time interval between T1 and T2 CBCT acquisitions. The primary 
outcome measure for each method is mandibular growth rotation relative to the cranial base. 
 
Materials and methods: Paired CBCTs taken at a mean interval of 54.8 ± 16.8 months (range: 27 to 
103) were assessed from a sample of 70 patients. These included: 44 females and 26 males; the mean 
age at T1 was 11.0 ± 2.0 years (range: 7 to 15) and T2 was 15.6 ± 1.9 years (range: 12 – 20). By 
vertical facial pattern, the sample was comprised of 43% brachyfacial, 30% mesofacial and 27% 
dolichofacial types. Three mandibular superimposition methods were compared against Björk’s 
structural method: (1) 2D-M1 method – 2-dimensional landmark method, (2) 3D-M1 method – a 
voxel-based 3-dimensional method based on a previous reported method, and (3) 3D-M2 – a voxel-
based 3-dimensional method incorporating a region of reference comprising of the mental reversal 
line above Pogonion, and the internal symphyseal structures within the anterior half of the symphysis. 
Following superimposition, the relative change in cranial base lines in sagittal view between T1 and 
T2 were measured for true mandibular rotation. Agreement between methods was assessed with Lin’s 
concordance correlation coefficient (95% confidence interval), Bland-Altman’s limits of agreement 
and the Bradley-Blackwood test.  
 
Results: Lin's concordance correlation coefficients (95% confidence interval) ranged between 0.924 
(0.889, 0.958) for the 2D-M1 method, 0.695 (0.579, 0.812) for the 3D-M1 method, and 0.965 (0.948, 
0.981) for the 3D-M2 method. Bland-Altman limits of agreement (95% LoA) were wide for all but 
the 3D-M2 method. Finally, the Bradley-Blackwood test of equality of means and variances was 
significant in all except the 3D-M2 method. 
 
Conclusions: For time intervals between CBCT volume acquisitions greater than three years, the use 
of the 2D-M1 and 3D-M1 methods are not recommended. There was high concordance between the 
3D-M2 method and Björk’s structural method when assessing mandibular growth rotation using 
relative changes in cranial base lines. The high concordance was displayed across all vertical facial 
types and for all time differences between first and second CBCT data acquisitions. 
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INTRODUCTION 
 
Björk’s seminal implant growth studies are considered the gold standard for evaluating craniofacial 
growth on serial cephalometric evaluations. Some of these studies culminated in the development of 
the so-called structural method.1, 2 However, it was not only implant based studies that helped derive 
natural reference structures in the craniofacial region, but also histological studies.3 Thus, evidence-
based approaches to serial superimpositions were achieved and remain unparalleled in achievement 
for the assessment of craniofacial growth.4 Despite these successes, the manner in which the implants 
were used in human subjects are today considered unethical for clinical or research purposes. 
 
One research and clinical area that has gained significant traction is the application of 3-dimensional 
superimposition on the cranial base of serial CBCT acquisitions. Although a number of 3-dimensional 
superimposition methods for this area of superimposition have an acceptable level of reliability, 
research is still required to make comparisons against a gold standard.5 However, with mandibular 
superimposition, there is still much research required to assess 3-dimensional methods for use with 
serial superimposition on growing individuals.6  
 
The application of a voxel-based method of registration, essentially an automation procedure, is 
particularly promising for mandibular superimposition. This is due to a great potential of reduction 
of operator error or observer errors. This does not mean operator bias is eliminated, as pre-automation, 
manual approximation of structures is still required, and post-automation interpretation is still 
necessary.7  
 
The concepts of automated radiographic image registrations using information theory have been 
presented by several authors in the 1990’s.8-10 Maes et al.11 further expanded on these previous bodies 
of work with a voxel-based mutual information theory application, and further demonstrated its use. 
In 2005, Cevidanes et al.12 demonstrated voxel-based implementation and automation for valid and 
reproducible 3-dimensional assessments that could be applied to orthodontics and orthognathic 
surgery. By 2010, a rapid form of automated registration using mutual information theory had been 
developed and demonstrated by Choi & Mah,13 and later applied to condylar head registrations by 
Park et al.14 Weissheimer et al.15 validated this rapid method, applying registrations to the anterior 
cranial base in both growing and non-growing individuals. They demonstrated the rapidity of the 
superimpositions and an error of less than 0.5mm for the majority of registrations. An advantage to 
their method was that segmentation was not required.13, 15 
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The precision and reproducibility of rapid mandibular superimposition has been previously 
demonstrated by Koerich et al.16 In their study, a time difference between T1 and T2 CBCT data 
acquisitions did not exceed three years (mean time 16.0 ± 2.9 months, range: 13 to 27 months) for a 
cohort of growing patients. Evaluation of outputted surface models were assessed by means of 
iterative closest point, with specific attention towards basal bone of the symphysis and areas posterior 
to the mental foramina on both sides of the mandible. They observed an overall mean error of 
precision less than 0.33mm for difference in root mean square distance between T1 and T2 volumes, 
with higher values for the chin area and lower values closest to the registration area. Their registration 
area extended from the internal part of the symphysis to the distal of the first molars and superiorly 
to apical third of the roots. A distinctive feature of their research was the time taken to perform a 
single superimposition, reported to be near 5 minutes for each examiner. This poses the orthodontist 
with a clinically useful tool that can be readily used. 
 
Using voxel-based registration with the aid of implants, Nguyen et al.17 have demonstrated a number 
of stable structures and changes in growing patients consistent with some of Björk’s implant based 
findings. For example, they found the anterior contour of the chin in relation to Pogonion had 
relatively mild or no remodelling while the inferior border of the symphysis showed depository bone 
formation.  
 
Springate18 recommended caution regarding a nearby area of the symphysis: the inferior cortical 
bone. However, with respect to the chin and superiorly to the change of direction of curvature along 
the external contour, he found stability varied between these two locations. This was a 2-dimensional 
implant study on growing patients that incorporated a digitized method using cross-correlation of 
pixels. The study confirmed the stability of the mandibular canal as a natural reference structure. 
 
The findings from the previously mentioned studies17, 18 allow for an emphasis to be drawn to 
Enlow’s3 and Kurihara et al.’s19 histological descriptions and depictions of the mental reversal lines 
on the mandible during growth. This is an area on the anterior contour of the mandible superior to the 
chin approximating muscular attachment and a transition from resorption superiorly to apposition 
inferiorly. Björk20 used this area to install tantalum implants, while Rickett’s21 ‘corpus axis’ of 
Position Four incorporated the Protuberance menti landmark of similar location. This same 
anatomical area, at the superior aspect of the mental trigone, was incorporated into a mandibular 3-
dimensional landmark-based superimposition method by Mellion.22 In their study of 30 individuals, 
a preliminary method for 3-dimensional mandibular regional superimposition correlated well with 2-
dimensional measurements derived from Björk’s structural method. 
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It is profound that the possibility of mandibular 3-dimensional regional superimposition may not only 
support Bjork’s implant work but also permit the implementation of the structural method. This would 
allow the orthodontist to evaluate growth over longer time intervals and assess changes that could 
otherwise have been undertaken using only 2-dimensional, conventional methods. Thus, there exists 
the need to validate 3-dimensional methods of superimposition and registration against the 2-
dimensional structural method to show that the methods are interchangeable and arrive at the same 
results with high accuracy and precision. 
 
Mellion22(22) states, “A 3-D protocol will have to produce superimpositions that are consistent with 
the knowledge derived from 2-D superimpositions”. In other words, a 3-dimensional method applying 
a regional superimposition needs to account for stable reference structures that have been previously 
identified.1 Therefore, the aims of this study were four-fold: (1) compare two rapid voxel-based 3-
dimensional registration methods against Björk’s structural method, (2) compare a 2-dimensional 
method – utilising the mental reversal line described by Enlow3 and overlay of the mandibular canal 
– against the structural method in order to assess what value the mental reversal line landmark may 
provide, (3) account for vertical facial types and (4) account for the time interval between T1 and T2 
CBCT acquisitions. The primary outcome measure for each method is mandibular growth rotation 
relative to the cranial base. 
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MATERIALS AND METHODS 
 
Before commencement of this retrospective study, ethics approval was obtained from The University 
of Queensland School of Dentistry Research Ethics Committee (SDREC approval no. 1710). 
Informed consent from patient’s parents were collected prior to orthodontic treatment or radiographic 
observation.  
 
Based on annual changes in true rotation measurements published by Wang et al.,23 an appropriately 
powered sample size (Power = 0.95) was determined using the method proposed by Lin.24 Setting 
alpha to .05, an acceptable loss of precision to 0.1 and assuming that under ideal conditions, the 
alternative methods have a precision of over 90% to the Structural method (i.e. random error of 10%), 
the suggested sample size for Concordance Correlation Coefficients (CCC) based on these 
assumptions was 22 participants, and the least acceptable limit of agreement is a lower 95% 
confidence interval of 0.79. This minimum sample size was increased to 70 to investigate variation 
due to different vertical facial types and time between T1 and T2 cone-beam computed tomography 
(CBCT) acquisitions. Also, a larger sample size would provide evidence of heterogeneity of variance 
in Bland-Altman plots. 
 
Table 1. Demographics of the study cohort (n = 70). 
 
 
 n (%) 
Characteristic 
  Sex 
 
Male 26 (37) 
Female 44 (63) 
  Molar Class  
Class I 16 (23) 
Class II 42 (60) 
Class III 12 (17) 
  Skeletal Class  
Class I 32 (46) 
Class II 34 (49) 
Class III 4 (6) 
  Vertical Facial Type  
Mesofacial 21 (30) 
Brachyfacial 30 (43) 
Dolichofacial 19 (27) 
  
 Mean (SD, range) 
Measure  
T1: age (years) 11.0 (2.0, 7 to 15) 
T2: age (years) 15.6 (1.9, 12 to 20) 
Time between T1 and T2 (months) 54.8 (16.8, 27 to 103) 
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Two de-identified CBCT volumes from each of 70 random patients and their records were obtained 
from a single private orthodontic practice in Geelong, Victoria, Australia (Table 1). Random selection 
was aided with the use of a random number generator (random.org). CBCTs were based on a mixed 
cohort of malocclusions in patients treated between 2006 and 2016 by a single orthodontist. Data 
acquisitions taken up until 2009 were obtained using an i-Cat Classic, between 2009 and 2014 using 
the i-Cat Platinum, and from 2014 onwards using the i-Cat FLX (Imaging Sciences International, 
Hatfield, PA, USA). All three scanners were set at the same scanning parameters: large field of view, 
120 kVp, 8 mA, voxel size 0.3 mm and scan time 8.9 seconds. Images were reconstructed in Digital 
Imaging and Communications in Medicine (DICOM) files with a slice thickness of 0.3 mm.  
 
The inclusion criteria for the study included randomly selected growing patients undergoing single 
phase or two-phase treatment, observation of growth or interim treatment assessments. Cases with 
previous surgery, maxillofacial trauma or with major craniofacial anomalies were excluded. CBCTs 
with motion artefacts, orthodontic appliances or a large number of metallic artefacts were excluded. 
 
 
 
Figure 1. Flowchart summary of study. 
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The volumes were imported into OnDemand3D (CyberMed Version 1.0, build 1.0.10.7510, Seoul, 
Korea) as shown in the study flowchart (Figure 1). The T1-volume was opened in the Fusion module 
and reoriented so that the lower border of the mandible was approximately parallel with the floor.16 
This was saved to the software’s database using the Reslice tool and used for the 3D-M1 method. The 
lower border reorientation was not undertaken for other methods. The T2-volume was manually and 
approximately superimposed at the anterior cranial base of the T1-volume, followed by automatic 
voxel-based superimposition using the method outlined by Weissheimer et al.15 This newly oriented 
T2-volume was then saved (Reslice tool) to the software database. Next, both cranial base registered 
T1- and T2-volumes were opened in the software’s 3D Ceph module. Adapted from Melsen25 and 
Tollaro et al.26 (Figure 2), two 3-dimensional landmarks (Table 2) were placed on the T1-volume: (1) 
Walker point (W-Point) and, (2) a point located tangent to lamina cribrosa of the ethmoid lateral to 
prosphenion,27 approximating the sphenoethmoidal synchondrosis (SE-Point).4, 26, 28, 29 Using the 
software’s function, ‘Copy From’, these two points were copied from the T1-volume to the cranial 
base registered T2-volume allowing these landmarks to share the same xyz values on stable structures. 
 
 
 
Figure 2. Cranial base landmarks and reference line using sphenoethmoidal synchondrosis (SE-Point) and Walker Point 
(W-Point). (A.1., 2.) Axial and sagittal section views: SE-Point; (B.1, 2.) Axial and sagittal section views: SE-Point 
(Calendrelli et al. Radiol Med 2014;119(9):694-704) (Madeline & Ester. 1995;196(3):747); (C.1.,2.) Axial and sagittal 
section views: SE-Point; (D.) Sagittal section view: W-Point. Any single point along the sphenoethmoidal synchondrosis 
is used. The reference line incorporates W-Point and SE-Point. (Modified from Melsen B. Acta Odontol Scand 
1974;32:suppl 62 and Tollaro et al. Am J Orthod Dentofac Orthop 1995;108:525-32).  
  44 
Table 2. OnDemand3D setup and coding for reference lines, planes, landmarks and ratios. 
Landmarks Abbreviation Usage Definitions Source 
Nasion N Skeletal Class assessment; 
classification of vertical 
facial type 
Midpoint of the 
frontonasal suture at the 
most anterior aspect.  
Swennen et al. (2005)30 
Sella Se Skeletal Class assessment; 
classification of vertical 
facial type 
Centre of the 
hypophyseal fossa (sella 
turcica).  
Swennen et al. (2005)30 
Menton Me Classification of vertical 
facial type 
Most inferior midpoint of 
the chin on the outline of 
the mandibular 
symphysis.  
Swennen et al. (2005)30 
Right Porion R Po Classification of vertical 
facial type; cartesian 
coordinate system  
Most superior point on 
the upper margin of the 
right cutaneous auditory 
meatus.  
Swennen et al. (2005)30 
Right Orbitale R Or Classification of vertical 
facial type; cartesian 
coordinate system  
Most inferior point of the 
right infraorbital rim. 
Swennen et al. (2005)30 
Left Orbitale L Or Classification of vertical 
facial type; cartesian 
coordinate system  
Most inferior point of the 
left infraorbital rim. 
Swennen et al. (2005)30 
Right Inferior 
Gonion 
R Inf Go Classification of vertical 
facial type 
First point on the most 
inferior tangential aspect 
of the right mandibular 
angle intercepted by the 
plane formed along the 
lower border of the 
mandible.  
Swennen et al. (2005)30 
Right tangential 
Gonion 
R Go Classification of vertical 
facial type 
Point at the right 
mandibular angle that is 
determined by dropping a 
perpendicular line from 
the intersection point of 
the tangent lines to the 
posterior margin of the 
right mandibular vertical 
ramus and inferior margin 
of the right mandibular 
body or horizontal ramus.  
Ricketts. (1979)21 
A Point A Point Skeletal Class assessment Point of maximum 
concavity in the midline 
of the alveolar process of 
the anterior part of the 
maxilla.  
Swennen et al. (2005)30 
B Point B Point Skeletal Class assessment; 
determination of mental 
reversal line on the anterior 
symphysis 
Point of maximum 
concavity in the midline 
of the alveolar process of 
the mandible.  
Swennen et al. (2005)30 
Walker point W-Point 2D and 3D methods in this 
study 
The intersection of the 
junction between the 
lamina cribosa and 
sphenoid bone of the 
cranial surface of the 
anterior cranial fossa 
taken at the midline of 
the skull.  
Melsen (1974)25; Tollaro 
et al. (1995)26 
Sphenoethmoidal 
point 
SE-Point 2D and 3D methods in this 
study 
Any point between 
orbitosphenoid and 
posterior ethmoid bones.  
Madeline & Ester 
(1995)31; Calandrelli et al. 
(2014)29 
Mental reversal line 
point 
MRL-Point 2D methods in this study. The mental reversal line 
is situated between the 
mental protuberance and 
the alveolar region 
Duterloo & Planchè. 
(2011)4; Enlow. (1968)3; 
Kurihara et al. (1980)32 
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anterior to the lower 
incisor roots.  
Pogonion Pog Determination of mental 
reversal line on the anterior 
symphysis 
Most anterior midpoint of 
the chin on the outline of 
the mandibular 
symphysis.  
Swennen et al. (2005)30 
Gnathion Gn Classification of vertical 
facial type 
The most anterior and 
inferior point on the 
contour of the 
mandibular symphysis. 
Swennen et al. (2005)30 
     
Angles         
Sella nasion - A 
point 
SNA Skeletal Class assessment Angle of Sella-Nasion to A 
Point  
Reidel. (1952)33 
Sella nasion - B 
point 
SNB Skeletal Class assessment Angle of Sella-Nasion to B 
Point  
Reidel. (1952)33 
Difference A and B 
points 
ANB Skeletal Class assessment Difference between SNA 
and SNB  
Reidel. (1952)33 
Right FHMA FHMA Classification of vertical 
facial type 
Frankfort Horizontal - 
mandibular plane angle 
Tweed. (1946)34, Downs. 
(1946)35, Ricketts. 
(1979)21  
Right SN-GoGn SNGoGn Classification of vertical 
facial type 
Sella-Nasion to Gonion-
Gnathion angle 
Reidel. (1952)33, Steiner. 
(1953)36      
Ratio         
Right PFH:AFH PFH:AFH Classification of vertical 
facial type 
Ratio of the posterior 
facial height to the 
anterior facial height. 
Siriwat & Jarabak. 
(1985)37 
          
     
Reference line or 
plane 
Coding Usage   
  
Na-Sella line line([N], [Sella]) SN-GoGn angle   
Me-Go line line([Me], [R Inf 
Go]) 
FHMA 
  
Gn-Tangential-Go 
line 
line([Gn], [R 
Go]) 
SN-GoGn angle 
 
Right Frankfort 
Horizontal 
line([R Or], [R 
Po]) 
FHMA 
 
 
Cranial base line line([W-Point], 
[SE-Point]) 
All 2D and 3D methods in 
this study 
 
 
Sagittal division 
plane 
plane([N], 
[Sella], [MRL-
Point]) 
To divide right from left 
sides 
 
 
          
 
Swennen30 Ricketts21 Melson.(1974)25 Tollaro et al. (1995)26 Madeline & Ester (1995)31 Calandrelli et al. (2014)29 Dut&Planche4 Enlow(1968)3 Kurihara et al. (1980)32 
Reidel. (1952)33 Tweed. (1946)34 Downs. (1946)35 Steiner. (1953)36 Siriwat & Jarabak (1985)37 
 
The first 3-dimensional method (3D-M1) was adapted from Koerich et al.16 Within the 
‘Superimposition’ interface, the T2-volume was initially manually and closely superimposed on the 
T1-volume, specific to the entirety of mandible while placing little emphasis on the condylar regions. 
Initially, a non-specific registration of the entire mandible was undertaken. The limits of the VOI 
overlay box were approximately: (1) superiorly to the cusps of the mandibular first molars, (2) 
inferiorly below the border of the mandible, (3) anteriorly to the external most external aspect of the 
contour of the chin, and (4) posteriorly to the posterior ascending ramus. Following this, a volume of 
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interest (VOI) onlay cube was then adjusted as follows:  (1) anterior limit – midway through the 
symphysis, (2) posterior limit – distal to the lower first molar crown, (3) superior limit – within but 
never exceeding one third of any root apically, (4) inferior limit – mandibular lower border, and (5) 
lateral limits – external cortical border of the mandible. The automatic superimposition was then 
undertaken and the results saved to the software database.  
  
For the second 3-dimensional method (3D-M2), again using the ‘Superimposition’ interface (Figures 
3, 4), the T2-volume was translated and rotated to achieve an initial best fit of natural reference 
structures according to Björk.1 These included: (1) anterosuperior border of the chin, (2) inner cortical 
structure at the inferior border of the symphysis, (3) mandibular canal and (4) lower contour of a 
molar germ (if roots had not initiated root development). Scrolling through the multiplanar views 
allowed confirmation that these structures were overlaying each other. This visual confirmation was 
enhanced by adjusting the colour and intensity settings for the primary and secondary volumes 
(Figure 2). An initial automatic superimposition was then used with the VOI overlay occupying the 
approximate areas: (1) mental reversal line and (2) intra-symphyseal structures described by 
Springate.18 The superior limit of the VOI was located at or ideally below B-Point, the inferior limit 
above the mental trigone, the posterior limit anterior to the internal posterior symphysial surface, and 
the lateral limits approximating the canine root apices in order to capture a wider spread of the mental 
reversal line. Visual confirmation of the overlay of natural reference structures was repeated and the 
automatic registration repeated if necessary with slight resizing of the overlay box, similar in 
approach to Weissheimer et al.15 Registration was not repeated if the inferior borders of the inner 
cortical structure of both T1 and T2 symphyses were non-coincident. They were left non-aligned to 
accommodate the findings of non-stability in this region by Springate.18 Similarly, registration was 
not repeated if the mandibular canals appeared to be laterally relocated in T2, so long as they appeared 
superimposed in sagittal view.38 These results were also saved to the software database. 
 
A cartesian coordinate system (Figure 5) using a 3-dimensional Frankfort plane was constructed 
according to Ann et al.39 
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Figure 3. Overview of the 3D-M2 method. (A., B.) T1 and T2 volumes are imported into OnDemand3D. (C.) See Figure 2 for identification of W-Point and SE-Point used are initially placed on 
T1, then following cranial based registration (D.), are copied from T1 to T2. The x,y,z values of these points become identical across both volumes. These form the individual cranial lines. (E.) The 
red boxes indicate the regions of interest that will be used in this method. (F.) Initial manual alignment of T2 on T1, scrolling through the MPR windows to check for alignment of stable structures. 
Following this, the VOI box (as guided by (E.) ) is guides registration of T2 with T1. (G.) MPR windows are again scrolled through to ensure stable structures are superimposed. If not, steps used 
in (F.) and (G.) are repeated. (H.) Following successful superimposition, the relative changes in cranial lines are immediately viewed in sagittal view and measured (degrees).  
  48 
 
Figure 4. The 3D-M2 method with initial manual superimposition according to Björk’s structural method. Fusion module 
settings included: (1) Primary – ‘Grey-Dark’ = -1202, 698, WWL 1900/-252 and (2) Secondary – ‘Hot’ = 222, 2122, 
WWL 1900/1172. (A.) Sagittal section view in Fusion module subsequent to cranial base registration; (B., C.) Sagittal 
section view of the T2 volume manually positioned over stable reference structures; (D.) Following registration, the axial, 
sagittal and coronal section views are scrolled through to ensure stable structures are coincident; the while box denotes 
the lateral extents of the VOI overlay box approximates the roots of the mandibular canines and the posterior limit 
approaches the internal posterior symphysial surface;  (D.1.) In the sagittal section view, the intensity colour changes 
allow trabecular structures to viewed in greater detail in order to confirm the registration has superimposed the volumes 
according to the voxels within the white VOI overlay box with the extends superiorly was located at or ideally below B-
Point and the inferior limit above the mental trigone; (D.2.) In coronal section view, some lateral growth of the mandible 
is evident however the mandibular canals of both volumes appear coincident in the region of the third molar. The left-
side of the mandible is cross-checked for similar superimposition before accepting the final result. 
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Figure 5. Cartesian setup using the following landmarks: Nasion, Right Porion, Right Orbitale and Left Orbitale. The FH 
plane was parallel to the horizontal, while the midsagittal plane was perpendicular to the horizontal and passed through 
Nasion and midway through of both orbitale. Nasion was set as the origin point (x, y, z = 0, 0, 0). 
 
 
Following each of the 3D-M1 and 3D-M2 superimpositions and cartesian coordinate system setup, 
the rotational changes of the T2 cranial base lines relative to the T1 cranial base lines were viewed 
with volumes in the software’s ‘Fused’ mode. Here, the true mandibular rotations were measured in 
sagittal view using the software’s ‘2D Angle’ tool. For forward rotations (counter-clockwise), a 
positive value was record, and for negative rotations (clockwise), a negative value was assigned. 
 
The OnDemand3D software’s 3D Ceph module was coded in the Preferences section according to 
Table 2. In order that only the right-side structures of the volume be used for the 2-dimensional 
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methods of this study, a sagittal division plane was coded. This used Nasion, Sella and a point along 
the symphysis located superior to the mental trigone and Protuberance menti, inferior to B Point, and 
thus idealised as a point on the mental reversal line (MRL-Point).3, 4, 32  
 
Additional landmarks were placed on the T1 volume (Table 2) and contributed towards classification 
vertical facial types (Table 3). The only additional points provided on T2 included Gn, B-Point and 
MRL-Point. 
 
Table 3. Classification of vertical facial types based on a composite of decision based steps. 
 
    
Vertical facial 
pattern     
  Cephalometric indicators 
Brachyfacial 
(hypodivergent) 
Mesofacial 
(neutral 
growth 
pattern) 
Dolichofacial 
(hyperdivergent) 
          
Bishara & Jakobsen's (1985)40 
criteria: 
        
Siriwat & Jarabak (1985)37 Facial height ratio (S-Goc/N-Me) > 0.63 0.59 - 0.63 < 0.59 
          
Wong et al. (2016)41 based on 
Down's (1948)35 modified FHMA 
Mandibular plane angle to 
Frankfort Horizontal (FH-MeGo) 
<22° 22° - 29° >29° 
          
Additional criteria used in 
combination: 
        
von Bremen & Pancherz (2005)41 
based on Riedel's (1952)33 SN-
GoGn 
Mandibular plane angle to 
anterior cranial base (SN-GoGn) 
<26° 26° - 38° >38° 
          
Björk's (1969)1 seven 
morphological signs 
(1)  inclination of the condylar 
head 
Upright condyle; 
forward condylar growth 
relative to posterior 
ramus border;  
  Backward inclined 
condyle, usually 
slender with 
increased height; 
(2) curvature of the mandibular 
canal 
Reduced angle of 
curvature  
  May be increased 
angle of curvature 
  (3) shape of the lower border of 
the mandible 
Apposition of the lower 
part of the posterior 
ramus border, and 
resorption at the anterior 
border; resorption at the 
lower border of the 
gonial angle; bone 
apposition at the 
posterior symphysis;  
  Apposition beneath 
the gonial angle and 
at the posterior 
ramus; resorption of 
the lower surface of 
the symphysis; 
  (4) inclination of the symphysis Apposition of the ventral 
surface of the 
symphysis; increased in 
a backward direction; 
  Towards a vertical 
direction; 
  (5) inter-incisal angle Proclination of lower 
incisors;  
  Usually retroclined 
lower incisors; 
  (6) inter-premolar or inter-molar 
angles 
Increased 
  
  Reduced 
  (7) anterior lower facial height Reduced (short)   Increased (long) 
          
The third method (2D-M1) used the fully landmarked volumes saved in their cranial base 
superimposed positions (Figure 6). Once the right side of T1 and T2 volumes were separately viewed 
  51 
in Volume Rendering mode, screenshots were taken and imported into Adobe Photoshop CC 2017 
(Adobe Systems Inc, San Francisco, CA, USA). The T1 and T2 layers where superimposed on the 
MRL-Point (Figure 5). The software’s CTRL-T function and moving of the hinge axis on the T2 layer 
allowed the MRL-Point to become the centroid axis for rotation. The remainder of the 
superimposition followed by aligning the contours of the mandibular canal of the T2 layer with the 
T1 layer in the region of the second and third molars or further posteriorly if the anatomical details 
permitted. A similar series of steps in the software was used for the control method of this study, 
Björk’s structural method,1 with one difference: a third layer was used to trace the natural reference 
structures on T1 thereby allowing the T2 superimposition to be guided by these. Confirmation of 
superimposition of natural reference structures was aided by altering opacities of the layers. 
Following separate completions of the 2D-M1 and control method superimpositions, the relative 
cranial base changes were measured to obtain the true mandibular rotation. Here, a 2-dimensional 
protractor, MB-Ruler (MB-Softwaresolutions, Germany) was used.  
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Figure 6. The 2D-M1 method. (A.) Right-side T1 volume with the cranial base line (red). (B., E.) Right-side T1 and T2 volumes aligned to centroid point on the MRL Points 1 and 2, rotated, and 
final superimposition finalised with overlay of mandibular canals. The relative change in cranial base lines are revealed. (C.) Right-side T2 volume with the cranial base line (green). (D.) MRL Point 
is located midway between B Point and Pogonion. 
  
  53 
All de-identified data were recorded in an Excel spreadsheet (Microsoft Corp., Redmond, 
Washington, USA) in a blinded manner (using different files) to prevent viewing of method 
outcomes. All methods undertaken in this study were completed by a single operator (C.F.). Each 
method was performed separately and in bulk for that method across all patients before progressing 
onto a subsequent method. It was not possible to blind the time difference between T1 and T2.   
 
In order to identify vertical facial types, a composite of criteria was used (Table 3). Initially, 
classification was  adapted from Bashara & Jakobsen,40 using facial height ratio37 and mandibular 
plane angle as used by Wong et al.41 This was followed by criteria from von Bremen & Pancherz42 if 
any disagreement occurred. Any further discordance was settled by assessing Björk’s seven 
morphological signs.1  
 
Error of Method 
Random error was assessed by statistical analyses of double measurements taken two weeks apart for 
landmarks, angles and facial height ratios (Table 4). Wilcoxon Signed-Rank Test (P < .05) was used 
for test-retest precision using absolute mean differences. Intraobserver reliability with consistency 
(Cronbach’s alpha) and absolute agreement (ICC (3,1), 95% CI, 2-way mixed-effects model) was 
assessed.  These were undertaken on 10 random patient’s T1 volumes by the same operator (C.F.). 
Nasion, W-Point and SE-Point landmarks were not included in the error analysis, as these points 
remained unchanged across all superimposition methods.  
 
Assumptions of normality of 3-dimensional Euclidean distances were assessed with a quantile-
quantile plot and the Shapiro-Wilk test (W = 0.763, P < .0001). This was followed by a single sample 
one-tailed t-test (P < .05) on log-transformed values and back-transformed to ensure mean 3-
dimensional Euclidean distances were not statistically significantly larger than 2.0mm.43 The mean 
was 1.20 (CI 95%: 1.03, 1.38). 
 
For test-retest of all superimposition methods 2 weeks apart by a single operator (C.F.), 10 additional 
random patients were included (Table 4). For precision, Wilcoxon Signed-Rank Test (P < .05) was 
used for test-retest of absolute mean differences of measured rotations from timepoints T1 to T2. 
Intraobserver reliability with consistency (Cronbach’s alpha) and absolute agreement (ICC (3,1), 95% 
CI, 2-way mixed-effects model) was further assessed. 
 
As part of the error analyses, precision relates to how repeatable a measurement and landmark 
identification is. This was important because of the effect of landmark error on cephalometric errors.43 
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ICC and Cronbach alpha thresholds were based on Cicchetti44 and Bland & Altman,45 respectively. 
 
Table 4. Error analysis composite for test-retest values. 
  
Wilcoxon Signed-
Rank Test
Absolute difference 
test-retest SD SEM Median Minimum Maximum Range P  value
a
Cronbach's 
alpha ICC (95% CI)b
Landmarks (n = 10) Mean Euclidean distance
X-point Sella 0.57 0.70 0.22 0.31 0.01 2.15 2.14 0.17 0.956 0.903 (0.655, 0.975)
Menton 0.94 0.78 0.25 0.76 0.15 2.25 2.10 0.38 0.900 0.812 (0.441, 0.949)
Right Porion 0.84 0.72 0.23 0.67 0.05 2.43 2.38 0.14 0.986 0.970 (0.891, 0.992)
Right Orbitale 0.74 0.62 0.20 0.47 0.10 1.85 1.75 0.65 0.946 0.904 (0.666, 0.975)
Left Orbitale 0.81 0.79 0.25 0.56 0.10 2.64 2.54 0.51 0.949 0.911 (0.681, 0.977)
Right Inferior Gonion 0.42 0.33 0.10 0.34 0.01 0.88 0.87 0.17 0.989 0.974 (0.897, 0.993)
Right Gonion 0.49 0.41 0.13 0.35 0.03 1.18 1.15 0.38 0.981 0.962 (0.865, 0.990)
A Point 0.48 0.35 0.11 0.41 0.06 1.06 1.00 0.17 0.933 0.864 (0.565, 0.964)
B Point 0.61 0.24 0.08 0.55 0.36 1.11 0.75 0.24 0.956 0.916 (0.715, 0.978)
MRL-Point 0.70 0.49 0.15 0.56 0.12 1.85 1.73 0.65 0.934 0.886 (0.605, 0.970)
Gnathion 0.74 0.49 0.16 0.64 0.02 1.48 1.46 0.51 0.949 0.904 (0.679, 0.975)
Y-point Sella 0.21 0.10 0.03 0.20 0.09 0.42 0.33 0.58 1.000 0.999 (0.997, 1.000)
Menton 1.24 1.79 0.57 0.74 0.02 6.17 6.15 0.96 0.997 0.995 (0.979, 0.999)
Right Porion 1.23 1.20 0.38 0.83 0.11 4.36 4.25 0.14 0.992 0.982 (0.928, 0.995)
Right Orbitale 0.64 0.60 0.19 0.47 0.03 2.01 1.98 0.17 0.994 0.986 (0.943, 0.996)
Left Orbitale 0.61 0.69 0.22 0.46 0.04 2.44 2.40 0.24 0.994 0.989 (0.958, 0.997)
Right Inferior Gonion 1.71 1.81 0.57 1.00 0.09 6.02 5.93 0.51 0.994 0.989 (0.959, 0.997)
Right Gonion 1.39 1.70 0.54 0.71 0.04 5.26 5.22 0.33 0.995 0.991 (0.964, 0.998)
A Point 0.58 0.99 0.31 0.20 0.04 3.35 3.31 0.08 0.997 0.993 (0.972, 0.998)
B Point 0.92 1.58 0.50 0.30 0.08 5.33 5.25 0.51 0.997 0.994 (0.975, 0.998)
MRL-Point 0.97 1.71 0.54 0.46 0.10 5.75 5.65 0.72 0.997 0.994 (0.977, 0.998)
Gnathion 1.30 1.82 0.61 0.65 0.00 6.49 6.49 0.58 0.997 0.993 (0.975, 0.998)
Z-point Sella 0.60 1.15 0.36 0.26 0.04 3.86 3.82 0.65 0.995 0.990 (0.963, 0.997)
Menton 0.30 0.26 0.08 0.23 0.06 0.96 0.90 0.71 0.999 0.999 (0.996, 1.000)
Right Porion 0.93 1.54 0.49 0.34 0.00 5.08 5.08 0.58 0.995 0.991 (0.966, 0.998)
Right Orbitale 0.25 0.27 0.08 0.15 0.00 0.92 0.92 0.38 0.997 0.995 (0.978, 0.999)
Left Orbitale 0.23 0.25 0.08 0.16 0.00 0.81 0.81 0.58 0.998 0.995 (0.983, 0.999)
Right Inferior Gonion 0.93 1.34 0.42 0.41 0.07 4.52 4.45 0.33 0.991 0.983 (0.936, 0.996)
Right Gonion 0.95 0.98 0.31 0.75 0.08 3.33 3.25 0.61 0.995 0.990 (0.961, 0.997)
A Point 0.81 0.56 0.18 0.62 0.01 1.99 1.98 0.20 0.988 0.977 (0.915, 0.994)
B Point 1.11 0.88 0.28 0.89 0.11 2.36 2.25 0.72 0.990 0.982 (0.928, 0.995)
MRL-Point 0.88 0.53 0.17 0.79 0.14 1.79 1.65 0.33 0.996 0.993 (0.972, 0.998)
Gnathion 0.96 0.68 0.23 0.88 0.07 2.28 2.21 0.80 0.996 0.992 (0.968, 0.998)
X,Y,Z - point Sella 0.95 1.27 0.40 0.49 0.21 4.43 4.22 0.42 1.000 1.000 (0.999, 1.000)
Menton 1.84 1.71 0.54 1.42 0.35 6.25 5.89 0.56 1.000 1.000 (0.999, 1.000)
Right Porion 1.98 1.85 0.58 1.40 0.43 6.73 6.30 0.12 1.000 1.000 (0.999, 1.000)
Right Orbitale 1.12 0.75 0.24 0.97 0.35 2.65 2.29 0.33 1.000 0.999 (0.999, 1.000)
Left Orbitale 1.10 1.00 0.32 0.82 0.12 3.69 3.56 0.30 1.000 0.999 (0.999, 1.000)
Right Inferior Gonion 2.12 2.15 0.68 1.14 0.44 7.57 7.13 0.10 1.000 1.000 (0.999, 1.000)
Right Gonion 1.92 1.83 0.58 1.30 0.34 6.28 5.95 0.19 1.000 1.000 (0.999, 1.000)
A Point 1.23 1.05 0.33 0.94 0.34 4.04 3.70 0.25 1.000 0.999 (0.999, 1.000)
B Point 1.86 1.48 0.47 1.58 0.49 5.41 4.92 0.78 1.000 0.999 (0.999, 1.000)
MRL-Point 1.68 1.65 0.52 1.27 0.53 6.30 5.77 0.42 1.000 1.000 (0.999, 1.000)
Gnathion 2.13 1.72 0.54 1.51 0.54 6.56 6.02 0.34 1.000 1.000 (0.999, 1.000)
Mean angle
Angles (n = 10) SNA 0.38 0.16 0.05 0.34 0.15 0.66 0.51 1.00 0.991 0.984 (0.937, 0.996)
SNB 0.22 0.21 0.07 0.18 0.00 0.73 0.73 0.88 0.996 0.992 (0.968, 0.998)
ANB 0.31 0.19 0.06 0.29 0.03 0.63 0.60 0.52 0.986 0.974 (0.906, 0.994)
Right FHMA 0.88 1.02 0.32 0.50 0.10 3.10 3.00 0.48 0.987 0.976 (0.908, 0.994)
Right SN-GoGn 0.94 0.80 0.25 0.65 0.10 2.10 2.00 0.41 0.991 0.983 (0.934, 0.996)
Mean ratio
Ratio (n = 10) Right PFH:AFH 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.17 0.993 0.985 (0.940, 0.996)
Mean rotation
Methods (n = 20) 2D-M1 0.11 0.52 0.16 0.05 -0.90 1.80 2.70 0.47 0.987 0.974 (0.936, 0.990)
3D-M1 0.12 0.80 0.33 0.00 -2.00 0.90 2.90 0.63 0.973 0.921 (0.810, 0.968)
3D-M2 0.04 0.28 0.12 0.00 -0.40 0.70 1.10 0.81 0.996 0.991 (0.979, 0.997)
Control 0.03 0.52 0.16 0.05 -1.00 0.80 1.80 0.90 0.983 0.967 (0.919, 0.987)
aP  value is statistically significant at <.05
bEstimates based on a a single rater
Reliability
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Statistical Method 
To investigate the agreement of three alternative methods in measuring mandibular rotation to Björk’s 
Structural Method, data was analysed using Concordance Correlation Coefficients (CCC) to 
determine reproducibility and Bland-Altman plots (BA plots) to investigate issues of heterogeneity 
of variance.46, 47 
 
The CCC is an adjustment to Pearson’s Correlation Coefficient that uses a scale factor to determine 
how far the data’s reduced major axis is from the line that passes through the origin at an angle of 45° 
(i.e. the line of perfect concordance).48 The CCC will increase when the data is tightly clustered near 
the reduced major axis (precision of the data) and when the reduced major axis is near to the line of 
perfect concordance (accuracy of the data).48 A scatterplot of the structural method compared to each 
alternative mandibular angular rotation method with the reduced major axis and a Bland-Altman plot 
were produced to visually inspect the relationship between the methods. The lower 95% confidence 
interval were inspected and values greater than 0.8 were considered to show good agreement and 
values greater than 0.9 were considered to have excellent agreement.  The Bradley-Blackwood P-
value is based on a comparison of the means and standard deviations of the measurement techniques 
compared to the referent group and values of P < .05 provide evidence of no agreement between 
techniques.  The categorical variables: sex, vertical facial type, and time from T1 to T2 were used to 
stratify the mandibular rotation measurements and analysed to show changes in 𝜌𝑐 values for different 
groups. Data was analysed in Stata (StataCorp, College Station, Texas, USA; Version 14.1) and 
concordance was tested using the Concord Module by Cox & Steichen.48 
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RESULTS 
 
The mean age at T1 was 11.0 ± 2.0 years, and at T2 was 15.6 ± 1.9 years (Table 1). The mean 
difference between the T1 and T2 CBCT data acquisitions were 54.8 ± 16.8 months. There were 21 
mesofacial (30%), 30 brachyfacial (43%) and 19 dolichofacial (27%) patients in this study. 
 
The ICC values for all y-axis and z-axis coordinates were excellent (Table 4). The lowest 95% CI 
was 0.915. X-axis ICC values were excellent overall but ranged from 0.441 to 0.992. Here, the lowest 
95% CI ICC value was found for Menton even though the mean ICC had good clinical significance 
at 0.812. Overall, internal consistency (Cronbach alpha) was high (range 0.900 – 1.000). For unified 
xyz coordinates, the ICC values were excellent and internal consistency was high. For angles and 
facial height ratio test-retest reliability values, the mean ICC was excellent and the 95% CI varied 
from 0.906 to 0.998. The test-retest measurements of all methods for mandibular rotation between T1 
and T2 on 20 random patients showed excellent mean ICC values, with 95% CI ranging from 0.810 
to 0.990. Although there is high CCC between the control and 2D-M1 methods, due to large 
differences in means and standard deviations, the Bradley-Blackwood P-value demonstrates lack of 
agreement (Table 5). A low P-value was also seen with the 3D-M1 method. High agreement between 
the control and 3D-M2 method was evidenced by both 𝜌𝑐 and P-values.  
 
Table 5. Concordance correlation coefficient for the alternative mandibular angle measurements in reference to the 
Structural method. 
Variables Mean (SD), ° 
Concordance Correlation 
Coefficient 
𝝆𝒄 (95% CI) 
Mean Difference, °  
(95% LOA+) 
Bradley-
Blackwood 
P-valuea 
Absolute     
Control 
Referent 
1.381 (3.433) - - 
 
2D-M1 1.814 (3.414) 0.924 (0.889, 0.958) -0.433 (-2.923, 2.058) 0.023 
3D-M1 1.061 (2.673) 0.695 (0.579, 0.812) 0.320 (-4.398, 5.038) 0.016 
3D-M2 1.481 (3.304) 0.965 (0.948, 0.981) 0.100 (-1.842, 1.642) 0.310 
     
+LOA = Level of agreement 
aValues for P < 0.05 provide evidence of a lack of agreement based on means and standard deviations 
 
 
The scatterplot of the Control method compared to the 3D-M1 method indicates a scale shift 
(moderate accuracy) as indicated by the difference in slopes between the reduced major axis and the 
line of perfect concordance (Figure 7). Also, there is high random error as shown by the spread of the 
data around the reduced major axis.  The scatterplot and the BA plot indicate that the scale shift results 
in angles less than zero and are measured as larger by the 3D-M1 method. Angles greater than zero 
are measured as smaller by this method. The scatterplots of the structural method compared to the 
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3D-M2 method indicates excellent precision and accuracy between the two measurement techniques 
for the range of values that were included. The scatterplot of the control method compared to the 2D-
M1 method provides evidence that the measurements are scaled correctly but there is a systematic 
error resulting in the 2D-M1 method underestimating the angle compared to the control method.  This 
is indicated by the reduced major axis being below the line of perfect concordance.  
 
 
Figure 7. Scatterplot measurements comparing the Control method against A. 3D-M1 method, C. 3D-M2 method and E. 
2D-M1 method. The Bland-Altman plots for B., D. and F. show the level of agreement between the two methods.  
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The results in Table 6 indicate excellent agreement for the 3D-M2 method compared to the control 
method with minor differences for the groups based on gender, vertical facial type and time between 
T1 and T2 CBCTs. The 2D-M1 method shows larger differences compared to the 3D-M2 with 
decreased 𝜌𝑐 values for brachyfacial groups and time between T1 and T2 of six or more years.  The 
lower 95% confidence interval of these values fall below the pre-determined cut-off value of 0.79.  
The 𝜌𝑐 values for the 3D-M1 method do vary more; however, this would be expected with the low 
precision of this method. All 𝜌𝑐 values for the 3D-M1 method except the mesofacial subgroup are 
below the cut-off. The mesofacial group 𝜌𝑐 was 0.828 (95% CI: 0.692, 0.965). 
 
 
Table 6. Analyses of Concordance Correlation Coefficient (𝜌𝑐) based on the subgroups of gender, vertical facial type and 
time between treatment and follow up. 
 2D-M1, ° 
𝝆𝒄 (𝟗𝟓% 𝑪𝑰) 
3D-M1, ° 
𝝆𝒄 (𝟗𝟓% 𝑪𝑰) 
3D-M2, ° 
𝝆𝒄 (𝟗𝟓% 𝑪𝑰) 
Total 0.924 (0.889, 0.958) 0.695 (0.579, 0.812) 0.965 (0.948, 0.981) 
Sex    
Male 0.932 (0.880, 0.984) 0.744 (0.591, 0.898) 0.975 (0.955, 0.994) 
Female 0.910 (0.860, 0.961) 0.637 (0.461, 0.814) 0.952 (0.924, 0.980) 
Vertical facial type    
Mesofacial 0.966 (0.937, 0.996) 0.828 (0.692, 0.965) 0.975 (0.953, 0.997) 
Brachyfacial 0.859 (0.764, 0.954) 0.528 (0.296, 0.760) 0.946 (0.907, 0.985) 
Dolichofacial 0.912 (0.834, 0.991) 0.650 (0.413, 0.887) 0.959 (0.922, 0.996) 
Time (t, years) between T1 and T2    
t < 4                   (n = 55, 79%) 0.957 (0.925, 0.989) 0.681 (0.511, 0.851) 0.973 (0.953, 0.992) 
4 ≥ t < 6             (n = 9, 13%) 0.948 (0.898, 0.998) 0.762 (0.554, 0.970) 0.973 (0.946, 0.999) 
t ≥ 6                   (n = 6, 9%) 
 
0.863 (0.768, 0.964) 
 
0.617 (0.386, 0.848) 
 
0.946 (0.906, 0.987) 
 
 
 
The time needed to complete a single T1-T2 superimposition for each method was the following: 
(1) Control method – 15 to 20 minutes, (2) 2D-M1 method – 15 to 20 minutes, (3) 3D-M1 – 5 to 10 
minutes, and (4) 3D-M2 – varied between 10 and 20 minutes. 
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DISCUSSION 
 
This study comprises of a manual 2-dimensional superimposition method (2D-M1) and two 3-
dimensional superimposition methods (3D-M1, 3D-M2) that use rapid, automated mandibular 
registrations of volumes derived from cone-beam volumetric tomography (CBCT) radiographs. A 2-
dimensional outcome measurement, consistent with conventional cephalometric analysis, was used 
instead of creating 3-dimensional topographic colour maps for surface analyses. 
 
The use of the right side of the skull was used to prevent interpretation error with overlapping 
structures for the control and 2D-M1 methods. The vertical facial types were based on 2-dimensional 
cephalometric indicators, assisted by 3-dimensional landmarks in the traditional 2-dimensional 
profile view. 
 
The error analysis for landmarks revealed a tendency for a greater range of error in the Y-axis. These 
likely effected the mean Euclidean X,Y,Z differences of greater than 2.0mm for Right Inferior Gonion 
and Gnathion. It is possible that these landmarks were more difficult to reproduce based on their 
location on curved anatomical areas.49 These landmarks, in the Y-axis, likely had little effect on the 
determination of the vertical facial patterns for the 3D-M2 and 2D-M1 methods. If they did, then it 
was perhaps the 3D-M1 method that would have been effected by the stratification of concordance 
values to different vertical facial types. Lagravere et al.43 recommended caution on the use of any 
landmark error greater than a mean difference of 2.0mm. Therefore, mean location differences for 
Right Inferior Gonion and Gnathion warrant caution when interpreting results.  
 
This study used a large range of time interval lengths between CBCT acquisitions in order to address 
the growth component during superimpositions. The range of ages of patients at T1 were 
circumpubertal in order to ensure that mandibular growth changes were still present.  
 
This study attempted to use a superimposition method (3D-M1) considered rapid in its application. 
Its previous “rapid”16 demonstration was the reason for its chosen use. The other methods in this 
study did not complete superimpositions in a time frame that would be considered rapid, despite being 
potentially quicker to use than if segmentation and surface based methods were used. This is an 
important consideration, as 3-dimensional modalities for clinical use need to provide timely results 
that are compatible with clinical practice.  
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The 2D-M1 and 3D-M2 methods were applied based on previous histological findings from Enlow3 
on reversal lines on the anterior contour of the symphysis, and previous work by Springate18 on 
internal symphyseal structures amenable to superimposition. The work by Nguyen et al.17 further 
complimented our interest to investigate this symphyseal area. 
 
Recent studies with 3-dimensional registration methods have shown promising results based on the 
use of an initial voxel-based registration with growing subjects.16, 50 Our study is not the first to 
attempt the application of validated 2-dimensional methods to 3-dimensional procedures in order to 
validate a 3-dimensional method for superimposition. In a preliminary study on 8 males and 22 
females, Mellion22 undertook a landmark-based approach that correlated well against Björk’s 
structural method. Their mean time interval between CBCT acquisitions was 2.7 ± 0.97 years (range: 
1.6 to 5.5 years).   
 
3D-M2 Method 
 
The results of the present study show a clinically acceptable rapid voxel-based 3-dimensional 
superimposition method (3D-M2) for growing patients, using the mental reversal line area3, 4, 32 in 
conjunction with Björk’s stable reference structures1 and intra-symphyseal structures described by 
Springate.18 The data indicate that this method (3D-M2) displayed high concordance to Björk’s 2-
dimensional structural method, with excellent precision and accuracy. This was maintained when 
results were stratified by vertical facial type and time difference between T1 and T2 CBCT data 
acquisitions. It appears therefore that this method is not significantly adversely effected by bony 
remodelling with growth and may offer a promising means of assessing all vertical facial types across 
a wide range of growth periods. It is perhaps not surprising that this method correlated well with the 
control method, as both utilised the same anatomical determinants for superimposition. 
 
The finding that the 3D-M2 method is not significantly affected by remodelling is likely attributed to 
the inherent procedure of the method to ignore areas of the mandible that may undergo significant 
rates of apposition or deposition with growth. In particular, these include the inferior border of the 
mandible, beneath the ascending ramus and angle, condylar process, anterior ramal border, inner 
inferior contour of the symphysis and most anterior curvature of the chin. Other areas may also 
include those close to the lingula and mandibular foramen. Furthermore, trabecular structures in the 
anterior half the symphysis at and below the level of the mental reversal line may also be unstable, 
due to a drift during remodelling of the chin.18 However, further research is still required to verify the 
significance of these drifting structures despite their recommended use as natural reference 
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structures.2, 51 In this study, a decision to not repeat automated superimposition based on non-
coincident inferior borders of the inner cortical structure of the symphyses was based on work by 
Springate18 who cautioned this area as unstable for superimposition. Visual inspection following 
registration has also been used by Weissheimer et al.15 Inferiorly located to the MRL-Point is 
Pogonion. Baumrind et al.52 observed that this landmark could remodel and displace a mean of -0.76 
± 1.31 mm (x-axis) and -1.32 ± 1.58mm (y-axis) over a 7-year period. They found B Point 
displacement to have larger variation than Pogonion. Since the 3D-M2 method’s overlay box captured 
these areas or was variably near to them, it is probable that any remodelling could adversely contribute 
to the accuracy of the superimpositions. It is not ascertained in this study if this potential contribution 
augments the rotational measurements. It is conceivable that a possible adverse contribution may 
effect translational measurements of the T1 and T2 cranial lines in addition to rotational 
measurements. The effects may be less with translational error than with rotational error.53 Further 
studies may investigate these to provide a better understanding of their magnitude and clinical 
relevance. 
 
The results and use of the 3D-M2 method are in contrast to the voxel-based registration methods in 
the Ruellas et al.50 study. In their study, the mean interval time between T1 and T2 CBCTs was 24.31 
± 6.68 months (range: 18 to 38 months) based on communication with the author, and using a 0.4mm 
voxel size parameter. In their study, areas of interest, termed masks (Mask 1 Björk, Mask 2 Modified 
Björk and Mask 3 Mandibular Body) resulted in variable successful registrations when compared to 
a predefined “gold standard”. Several landmarks involving the mandible and dental structures were 
used to assess growth at the condyles and rami. For a stable reference structure, the lingual cortex 
was used. The authors noted that a smaller area of registration in the anterior regions, for different 
Masks, could have limited rotational control in the posterior mandible. The small areas (Masks 1 and 
2) noted in their study are not directly comparable to the small area used in the 3D-M2 method. Their 
Mask 3 method proved to have the highest agreement with their “gold standard” measurements (range 
of means: 0.10 to 0.38mm; range of 95% LoA: 0.35 to 1.94mm). These values varied from below the 
spatial resolution of 0.4mm to above it.  
 
In a recent study identifying stable mandibular structures, Nguyen et al.17 undertook voxel-based 
registration of T1 and T2 CBCT volumes of growing patients (mean age 12.1 ± 1.3 years) on bone-
anchored plates and screws. These were placed in the regions of the apices of the incisors and canines. 
The time difference between T1 and T2 CBCT acquisitions was a mean of 12.2 months, using a 
0.3mm voxel size parameter. The results of the study revealed that the chin and symphysis were stable 
structures, and helped to create specific regions of reference. This was applied to a different group of 
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25 patients to test for reproducibility of registration. When the authors combined multiple areas of 
the chin and symphysis during registration, the accuracy improved despite displacement of the third 
molar crypts. The authors further noted bony deposition below the inferior border of the symphysis. 
The anatomical area in the 3D-M2 method in our study aligns to a great extent with the structures 
identified by Nguyen and colleagues as stable, supporting the use of natural reference structures on 
the chin (bound superiorly by B-Point and inferiorly by Pogonion, and laterally by the distal of the 
lateral incisors) and to a certain degree, the symphysis.    
 
In the 3D-M2 method, when T2 superimpositions showed lateral relocation of the mandibular canal, 
no further repeat superimposition was undertaken. It was however imperative that in the sagittal view 
the canals were superimposed. This rationale was undertaken in accordance with findings by Krarup 
et al.,38 who displayed these lateral growth changes in growing patients when superimposing on 
natural reference structures in the mandible.  
 
The superimposition part of the method took between 10 to 20 minutes to complete, due to the 
necessity to slide through multiplanar views checking for overlay of stable structures between 
automated superimpositions.   
 
2D-M1 Method 
An attempt to use an idealised 3-dimensional coordinate of the mental reversal line in 2-dimensional 
analysis was seen with the 2D-M1 method. Mellion22 demonstrated promising results with the use of 
this point in their 3-dimensional study. Although the 2D-M1 method also used the mandibular canal 
as a structure for 2-dimensional superimposition, the results of concordance to Björk’s 2-dimensional 
structural method varied significantly. When factoring for vertical facial types, this method showed 
a wide range of concordance values for the brachyfacial patients. This was also observed when time 
between CBCT acquisitions exceeded six years. Overall results indicated an underestimation of 
mandibular rotation values. These findings support the concept that fewer landmarks have an 
appreciable effect on the accuracy of mandibular superimpositions,53 and are the typical product of 
primary errors described by Baumrind et al.53 The effect of vertical facial type on the mandibular 
rotation measurements using 2D-M1 tended to reduce in precision with those patients with greater 
forward mandibular rotation. This may be explained by the ability to locate Protuberance menti in 
extremes of symphysis size and shape, and furthermore, may rely on the expertise of the 
investigator.54 
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The time needed to perform this method was similar to the control method, and ranged from 15 to 20 
minutes. 
 
3D-M1 Method 
 
Prior to this study efforts were made to ensure the OnDemand3D VOI box was including voxels only 
within it when using the algorithm for superimpositions. Koerich et al.16 highlighted that the use of 
this VOI box, gave priority to voxels within it. This is an important difference that may be a result of 
different versions of the software. However, communication with CyberMed and the primary author 
of this study (C.F.) confirmed that voxels outside the VOI box were completely ignored during 
automated superimposition for the software used in this study.  
 
This study used a modified version of a previously developed rapid 3-dimensional voxel-based 
superimposition method by Koerich et al.16 A difference from the method by Koerich and colleagues 
was this study used non-cropped CBCT volumes. Using full volumes was necessary in this study as 
cranial base registrations and landmarks were inherently linked to both T1 and T2 volumes. By 
allowing both T1 and T2 volumes to share the same W-Point and SE-Point following cranial base 
registration with exact xyz coordinates ensured they were unchanged and therefore available for 
rotational measurements across all superimposition methods used in this study. Another difference to 
the Koerich study was this study assessed greater time intervals between T1 and T2 CBCT 
acquisitions.  
 
The results of this study suggest that the 3D-M1 method could be used in mesofacial subgroups 
reliably for superimposition. However, the results should be interpreted cautiously due to the low 
precision in the overall measurement method. Further studies would be needed to confirm this. These 
results do not contradict findings by Koerich et al.16 Since their sample included a smaller time 
difference between T1 and T1 CBCT acquisitions, less remodelling would have taken place when 
compared to the cohort of this study. This is consistent with the recommendation by Baumrind et al.53 
that when the time intervals between serial lateral cephalograms are less than two years, it is 
reasonable to use the mandibular border for “best fit” superimpositions.  
 
The time needed to perform the superimpositions ranged from 5 to 10 minutes with this method. 
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Limitations 
 
The following are limitations of this study: 
 
(1) The subsamples in this study were of minimal size, due to feasibility of the study. These 
groups included molar and skeletal classes, with the smallest group consisting of four 
members (Skeletal class III). The smaller group of Skeletal Class III patients were possibly 
explained by the demographic characteristics of the Geelong region. Future studies may 
explore these subgroups further with larger sample sizes of each to assess 3-dimensional 
superimposition methods with respect to different vertical facial types. The sample sizes of 
some of the vertical facial types did not reach adequate size. However, based on the 
Concordance Correlation Coefficient results, it was likely that sample size in these facial type 
groups did not make a difference.  
 
(2) Superimposition methods and rotation measurements undertaken in this study were performed 
by a single operator. Although the methods were blinded to each other, including when their 
measurements were performed, a possible source of measurement bias was present. 
 
(3) This study assessed a mixed cohort of orthodontic patients: single phase or two-phase 
treatment, observation of growth or interim treatment assessments. Importantly, Björk’s 
implant studies comprised of treated and non-treated individuals.20 However, caution has been 
provided in assessing mandibular growth rotation when comparing treated versus non-treated 
individuals.54 The classification of vertical facial type and the measurements of mandibular 
rotation in this study should therefore be interpreted with caution. The magnitude of 
mandibular rotation in treated patients may have been augmented or reduced by treatment 
mechanics.  
 
(4) While this study represents a cross-over from 3-dimensional methods to 2-dimensional 
measurements, it can be considered a simplification of true 3-dimensional changes. For 
example, measurements of this nature do not account for yaw (changes around the z-axis) or 
roll (movements around the y-axis) in a conventional cephalometric 2-dimensional view. 
 
(5) The landmarks Nasion, W-Point, SE-Point were purposely not accounted for in the error 
analyses. Although these points were deemed arbitrary and truly identical across all methods, 
they were a source of error. Caution is therefore advised in interpreting these results.  
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(6) There is an inherent rotational component to error of the cranial base lines as a function of 
distance from the area of superimposition. Utilising measurements closer to the areas of 
registration would be ideal.53 
 
(7) An important aspect to consider is this study used transparent Volume Rendering (VR) mode, 
supplemented with use of multi-planer reconstructions, to view right sides of mandibles prior 
to exporting images to Adobe Photoshop. It is debatable if Multi Planed Reformat, Minimum 
or Maximum Intensity projection modes could have enhanced the appreciation of mandibular 
structures and provide better superimposition visibility. The VR mode provided colour values 
to different intensity voxel values. Unique to the VR mode is the ability to alter the colour and 
opacity parameters according to the desires of the user. Mazziotti et al.55 have elucidated on 
the efficacy of VR and the ability to represent different tissues while combining transparency 
without loss of depth of structures in the third dimension. However, they do recommend 
Maximum Intensity projection for the assessment of skeletal structures. Although use of 
multi-planer reconstruction has been shown to provide more precise identification of 
traditional cephalometric landmarks than traditional 2-dimensional cephalometrics, 
inadequate definition of these landmarks in the third dimension may have introduced error.56 
 
(8) Despite promising research on the feasibility of CBCT for assessing trabecular structure,57, 58 
caution is still advised with respect to voxel size.59 It is likely that the voxel size used in this 
study effected the level of detail of trabecular areas in superimpositions of the 3D-M1 and 
3D-M2 methods. Smaller voxel sizes could prevent merging of neighbouring trabeculae,59 
and this is likely irrespective of increases in mA.58 Research showing the range of error when 
comparing trabecular structural characteristics using micro-CT versus CBCT provides caution 
for the clinical application of CBCT on the mandible.60 A study using considerable smaller 
voxel values than used in this study would surely provide more information to the VOI box 
algorithms during superimpositions, but at the expense of higher radiation values is not 
necessarily practical from a clinical perspective. In this regard, it is the view of the authors of 
this study that the CBCT parameters for this research may represent a reasonable clinical 
threshold for the nature of this research. Mild or even moderate improvements in CBCT 
parameters, at the expense of the patient radiation dose, may not necessarily yield different 
automated superimpositions. A smaller voxel size is necessarily more easily effected by 
motion artefact,61 and conceivably, may effect the registration process.  
 
  66 
(9) The effect of subvoxel accuracy also calls into question not only a limitation on examiner 
measurements, but also systematic error introduced by the software and level of spatial 
resolution. It is possible that at the subvoxel range an underestimation may occur.62 If the 
voxel size increases, the effect of underestimation may increase.63 This can be further effected 
by segmentation processes, a common utility used to crop anatomical areas of interest prior 
to analysis. However, this is questionable.64 Furthermore, these effects have been linked to 
dental measurements, and thus, studies relating these to a larger region, in this case the 
mandible, would shed more light on limitations and error in the subvoxel range. 
 
(10) The voxel-based method uses maximization of mutual information (MMI)11 with the inherent 
requirement for good starting pose prior to registration.7 The approach to the use of the 3D-
M2 method reflects a protocol that requires repetitive registration with MMI and manual 
alignment until desirable superimpositions are achieved on stable structures of the mandible. 
Thus, the method may be considered adaptive in its nature. The method restricts itself to the 
user with craniofacial knowledge and an appreciation of the seminal implant work by Björk. 
The significance of this approach may be a counterpoint, in part, to the caution provided by 
Koerich et al.16 They submitted that the difficulty of serial 3-dimensional superimposition on 
the mandibles of growing patients suggests that conventional cephalometrics are likely to be 
oversimplified. Based on the results of this study however, using a combined approach of 
automated registration with manual superimposition is beneficial. This approach, which 
supports the implant-based studies by Björk, may result in 3-dimensional superimposition that 
does not itself fall victim to oversimplification than if a purely digitised registration is used.  
 
(11) The CBCT data acquisitions were from thee machines: i-Cat Classic, i-Cat Platinum and i-
Cat FLX. Despite similar settings used on these machines, superimposition accuracy could 
have been negatively effected due to differences in local greyscale values, location error and 
machine calibration effects. However, these effects were likely below a clinically acceptable 
threshold and cannot be generalised to all machines. The ramifications of this lie in the need 
to provide larger VOI regions to reduce the effect of greyscale shifts on a global level.7 This 
would imply that the larger VOI area in the 3D-M1 to a certain degree safeguarded the 
superimposition from the above mentioned effects from the use of different CBCT 
machines.  
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CONCLUSION 
 
In conclusion, the use of the 2D-M1 and 3D-M1 methods are not recommended for the 
superimposition of mandibles based on CBCT radiographs with time intervals between acquisitions 
larger than 3 years. 
 
This study shows that 3-dimensional superimposition using the 3D-M2 method is feasible based on 
CBCT volumes of growing patients where serial time intervals exceed 3 years. There was high 
concordance with Björk’s structural method when assessing mandibular growth rotation using 
relative changes in cranial base lines. The high concordance was displayed across all vertical facial 
types and for all time differences between first and second CBCT data acquisitions.  
 
Utilising the 3D-M2 method to arrive at 2-dimensional cephalometric measurements has the potential 
to bypass the limitations of projection radiography. Importantly, it may be achieved without 
discarding the classic structural method. 
 
Further studies assessing translational changes in addition to rotational changes of the relative cranial 
base lines of T1 and T2 CBCT volumes with this method should be conducted to support our findings.  
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